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PREFACE 


Tlic present Engbsli edition of onr book is not a mere tronslalion 
of the original ^^o^k, published m Argentina in 1946 but a com 
plete ^c^*lSlorL We took tins opportiimlj to bring the text up- 
to-date and to add tliirty four ncu illustrations Man) changes 
ncre made m Chapters II, TV and VX, and nc\> material ^Tas 
mduded m Qiaptcrs V XI and Xn However the 

scope, plan and mam material of tlic Spanish edition are kept 
mtact here. 

The book onginallj arose from Uie necessity for a synthesis 
m the Spanish language of the most important aspects of modem 
cjdolog) 

In recent } cars this brancli of biolog) has sho\m rapid 
progress and lias been converted into the fundamental basis for 
study of the structure and function of In'ing organisms in normal 
and pathological conditions The cell can bo regarded as tlie vital 
unit of organisms and the anatomical and ph)*siologicdl sub- 
strate of biological phenomena In its morphological aspect 
modem cytolog) has gone bejond simple description of structures 
visible to the light microscope, and b) Uie apphcation of new 
methods has begun aiial)*sis of llie subnucroscopic organization 
which deals with the arcluloctural arrangement of the molecules 
and nucelles composing h\'ing matter In its functional aspect 
modem cytolog) has transcended the stage of pure description 
of ph)*siological changes and seeks an explanation of these 
changes in the mtiraate phjsicochcmical and metabohe processes 
of protoplasm Finallj as a coroUar) modem cytology on the 
basis of tho phj’sicochemical changes of the nuclear structures, 
has tned to interpret and explain the phenomena of herodit) 
sex, VBTiflUoii, mutation and c'olution of hving organisms 

In the present book an attempt has been made to stress the 
morphological, phj’siological and genetic aspects of modem cy 
tology Chapter I presents an introduction to tlie problem of the 
organization of hvmg matter and a short lustoncal summary 
loading to the Cell Theory and tlie Protoplasm Theory Chapter 
H gives tlie chemical and physicochemical foundations of the 
structure and function of die cclL Chapter 1 1 1 describes the 
gmeral microscopic orgamzaUon of die cell Chapter TV considers 
^ subnucroscopic organization or ultrastructure of protoplasm 
Chapter V deals with the structure, composiuon and functional 
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sigmCcanco of tfio cjToplasijiic organoids In Chapter VI the 
molecular structure of tjio plasma membrane and the phenomena 
of permeability oro considered. Qiapter VII describes the structure 
and chcrmcal composition of tlio nucleus Chapter Vtit discusses 
tile raorphologj- and internal organization of tlio chromosomes and 
their behavior in the jiroccss of cell division and Chapter DC cor 
relates tho chromosomes and genetic phenomena (cytogenetics) 

In Chapter X tlie enzyme systems wluch taho part in 
metabohsra and respiration m tlic coll are described. In Chapter 
XI tho visible manifestations of cellular activity, and in Chapter 
XU tho phenomena of dj^crcntiation, senescence and death of the 
cell, arc considered 

One of tho most important factors sUmulatmg the progress 
of cytology lias been tho development of nc%v motliods, m many 
cases derived from related sciences sucli os physics and bio- 
chemistry Hence we ha\c included brief descriptions of some 
of these modem tcclmiqucs The descriptions aro not given as 
separate, isolated sections, but arc clos^y correlated vnth the 
rt^li obtamed and until considerations of the progress m the 
field of cj’tology which these techniques liavo made possible. 

Since manj of tJie theones seeking to interpret cytological 
phenomena arc still m a stale of discussion, wo have sought to 
avoid them as for os possible, and to present tho reader only with 
established facts. Nevertheless, uo have tried to pomt out that 
cytology IS in a state of constant cliangc, and that many concepts 
remam jet to bo developed and facts to bo cleared before n-o can 
establish an mtegrated picture of tlio cell from morphological 


and dynamic paints of new 

This book IS intended pmnanly for students of medicine, 
agronomy vetonnary medicine, and the biological and otlicr 
natural sciences, and for those persons who, for tho purposes of 
teaching or mvcstigation, wish to obtam a general view of some 
modem aspects of cytology With this in mind, we have mcluded 
a bibliography at the end of each chapter which contains 
works of reference and recent papers menhoned in it 

In the preparation of the ongmal Spanish edition vro re- 
ceived the generous assistance of many persons In the first place, 
wo must express our gratitudo to Dr Manuel E. Va^a for 
suggested to us the wntmg of this book, for lus irnfailmg mtei^ 
during its preparation, and for having read a very great part o e 
manusenpt We wish also to express our warm to Di^ 

V Deulofeu, D Brachetto-Bnan, D F Leloir D Babmoych, 
R Sacerdote de Lustig O Nuflez and L. Pnmavcsi for 
reading and suggestions in vanoui parts of the manuscript. 
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Wish to thank Drs J M Sosa, R. Grasso, R- RIancuu, E. Brejner 
M H. Burgos and C Borrone for their aid in the preparation of 
the illustrations One of us (W W N ) wishes to express his 
sincere appieciation to the Virgmio F Grego Foundation through 
the gcnerosit) of which it has been possible for him to contmue 
his scientific activitios 

In connection ^vlth the present English edition we sliould 
like to express our gratitude to Drs J Bicsclc, H Bunting A. R. 
T Denues, D E. Green, M- A. Jafcus C. D Leake, A. Ormsbj 
C M Pomerat, F 0 Schmitt, J Scott and I Sizer for reading 
various parts of the manuscnpl and for manj suggestions '\^c 
want p^ticularly to tliank Prof H, Stanlc\ Bennett for his 
valuable suggestions and generous assutance m the preparation of 
all parts of the American edition The critical comments and 
useful suggestions of these and otlicr colleagues ha\’c been of 
great benefit to the book- Last but not least, our tlianks are due 
to Dr Warren Andre\^ for having accomplished the difficult 
task of translatioa, to Mr Donald Macdonald for his help in 
compihng the Index, and to the publishers. B Saimdcrs and 
Co., for their cooperation and generous acceptance of all our 
wishes 


Eduardo De Robertts 
WietorW Nowtnski 
Frajncisco a S\ez 
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Chapter I 

INTRODUCTION 


The ceU is a fundamental morphological and ph}*siological unit 
m the structure of li\*mg beings, )ust as is the atom in chemical 
structure In addition to the orgaiuialion visible vntli the aid of 
the light microscope, the cell has a furtlicr organization winch, 
passing by micelles and organic and inorganic molecules, leads to 
the protons, neutrons and electrons of the atom and constitutes 
the ultrastructuro of the celL 

If by mechanical or otlicr means the cellular orgamzation % 
destroyed, the function likewise is altered, and, although some ol 
the vital properties maj persist (for example, the actintj of some 
cellular cnej-mes) the cell loses its significance as an organized 
unit and dies Tlierc has ceased to exist the most important prop- 
erty of the Li\mg cells, autorcgulabon (W Roux) m its mor 
phological or static sense, and m its physiological or dynamic 
sense 

This fact gives rue to a problem which durmg many centuries 
has been fimdomental m biology Are the vital processes of a 
purely mechanical nature, that is, can they be interpreted on a 
mechanical basis {mechanicism) usmg the word mcchamcal 
m tlie Kantian sense, or does Uierc ensl in the organism a special 
force which regulates the vital properties, tlie structure bemg 
onlj a kind of frame for that which it manifests (vitalism)? 
Fortunately for modem biological investigations, this problem 
IS of httle importance and more of a metaphysical nature. The 
only pertment possibihty to percci\o and mvesbgate vital phe- 
nomena u that of utilizing physical and chemical methods, and 
all the experimental attempts that have been made to demonstrate 
the presence of a spoaal agent, for example, the entelechy 
(Dnesch) have failed 

The mechanist theory as well as the vitahst, resulted from 
the ancient tendency m biology to separate form from function. 
This, m part, maj have been due to the preponderant influence 
of AnstoUc, m whose Logic tlie form is a quahty but function 
u not. We believe today tliat form and function constitute an 
Fj i tcl echy from the Creek rrtfcfrrAffe, h»* the etTciflloftcal to 

h^ an tni Dn«ch eet forward the hypothec* of a pnndple which would reffnlato 
the maty of derefc^jment end which, foOowinf Ariitode, be oiled "entelediy ** 
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inseparable imitj the organism. As a consequence of tins 

concept, a new epistemological aspect was introduced into biol 
ogy that of orgamcisni, or holism 

The doctrine of orgamcisra is based on the premise that the 
\\hol0 IS more tlian tlio sum of its parts In other words, the 
separation of a complex structure into its constituent elements 
does not give us an exact idea of tlic functioning of the structure 
as a whole. If for example, a watch is separated mto its different 
parts, from the isolated obscmition of these parts one cannot de- 
duce what IS the function of the whole, nor that its raoi'ement is m 
relationship ivith the rotation of tlic earth about its axis In spite 
of Its appearances, the organicism, as the abo\^ ated example 
demonstrates, does not imply m itself anything supcmatunil, and 
the psychologists who first developed these ideas (Gestalt theory 
Kohler Kafha and others) did so in accord with demonstrable 
facts. 

The pnnaplc of holism is applicable to the inorgamc world, 
as well as to tlie biological. Tlius, for example, glyxogen has 
properties ^■ery distinct from those of the mole^es of glucose of 
which It IS composed sodium chlonde is a salt which has char 
actcnstics different from tJie t^vo ions whicli are combined m it 

In contrast to the past century which was a period of great 
syntheses, wc arc now ii\ing m on analytical period of science. 
We are obliged to analyze tlie biological processes, that is. sep- 
arate them into their elements and, m order to bo able to create 
an image of the wliolc, wc must carry out on integration and 
a synthesis m the mental realm 

This holistic pnnciple is applicable to the entire organism, 
but can also be apphed m a ■very speaal waj to the mtcrprctation 
of cellular function. The cell can be considered as an organism m 
itself, and often very spcaalized, composed of many elements, 
the sum of which not only constitutes the cellular unit, but has 
a particular significance in the organism as a whole. 

The Grech philosophers and naturalists, particularly Anstotle 
and Theophrastus, arrived at the conclusion that. All onunals 
and vegetables, limvcver compbeated, are constituted by 
elements which are repeated m each one of them.” They were 
referring to the macroscopic structure of the organism, such ^ 
roots, leaves and flowers common to different plants, or 
segments or organs which are repeated m the annnal 

After many ccntuncs, thanks to the mvcntion of niagiufying 
lenses. It was discovered that beyond the macroscopic structi^ 
there exists a whole wurld of microscopic dimensions, ai^ c 
ccB came to be regarded as die unit of living matter ( 
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Spencer) or the primary representative of life (Claude Ber 
nard) The single cell can constitute in itself the entire organism, 
as m the case of tiie Protozoa, or it can be grouped and dif 
ferentiated mto tissues and organs, as m tlie multicellular 
organisms 

The development of microscopic technique permitted a more 
profoimd knowledge of cellular structure, not only as it appears 
m the dead cell after fixation, but likewise as it is seen in the 
hvang cclL Biochemical studies, on tlic otlicr hand, demonstrated 
that the products of bvang matter and cv cn bving matter itself 
are constituted of tlic same elements vvlucli make up the morgamc 
world- Biochemists were able to isolate from the complex mixture 
which composes tlio cell not only fimdamcntal substances such as 
proteins fats, gljcogcn, nucleic aad, and so fortli, but likewise 
other sucli specialized substances as hormones, vitamins and 
enzymes Manj of these substances can be s^mtliesized with the 
method* of organic chemistry proving tliat certain cellular com 
ponents arc able to bo reproduced m vitro 

The advance of knowledge concerning tlic composition of the 
cell, and in particular tliose advances vvluch resulted from the 
appbcation of modem physical methods sucli as polarization 
optics, X ray diffraction, the ultramicroscope and the electron 
microscope, have caused a fundamental change m tlio interpreta 
Uon of cellular structures 

To these discoveries one must add tliat of tlie viruses, known 
until recent times only bj the palliological alterations which they 
caused m cells and by their abiUtj to pass llirough filters, but 
which in the last few years liavo been observed witli the electron 
microscope Viruses, which imdoubtcdly liave many properties 
common to the hvmg organisms — for example, autoreproduction 
— are aggregates contaming nudeoprolcms and, in some cases, 
have been purified and even crystallized (Stanley) (Fig 1) 

From the historical point of view it is intcrestmg to recall 
that Haeckel postulated m 1868 tlie existence of masses of 
homogeneous proteins, structureless end amorphous (Monera) 
as the most pnnntive form of organized substance Modem 
studies on the viruses and our better knowledge of their properties 
and chemical composition confirm in part the pomt of view of 
Haeckel and appear to indicate that they might represent a bond 
between the inorganic and tlie organic world (see Pine) 

We find ourselves at present on the thresliold of the era of 
submicroscopic biology t^t is to say in the era of studv of the 

H»e>cliU iuppo«d that tb* “Mon*r»" fcnn«t dinsctly from momnk 
mataruL 
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fonu, aggregation and orientation of the molecules and nucellcs 
which comn^^thc different phases of protoplasmic systems The 
discovery olB^s submicroscopic world is of great importance, 
for m it, amffiig the micelles and molecules which compose it, 
and the enzymes, hormones, and so fortli, and the metabolites 
which are distributed in it, there arc produced all the chemical 
and energy transformations whicli cliamctcnze vital phenomena 



Fig. 1 Electron nucrognph of elemenlarx fibrilUe of tobecen mowJc rina, «li»dow- 
cart tMth gold. X35 000. (Oxirte*y of H. C. WiUijira md R. "W G Wjrkofi.) 

The modem studj of living matter demonstrates that there 
exists a corabmation of levels of organization mtegrated among 
themselves, the result of whicli is tlic vital manifestation of the 
orgamsm This concept of levels of organization, so admirably 
developed by R. W Gerard, A- K Emerson, J Needham, and 
others, permits us to refute tlie opmion that organization is the 
exclusive attribute of livin g beings Needham s view is that 
organization exists m the entire imivcrsc, in the macro- and 
microcosmos, in organic material and morgnmc, but tliat them 
are various levels of organization of different complexity m such 
a way that *The laws or rules that are encountered at one level 
may (m accord with the holistic prmciple) not appear at lower 
levels The modem physicists, clicmists and biologists have com 
menced to construct bridges between these different levels in 
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organizatiorL, but the road is arduous and tho maionty of prob- 
lems continue open for future Jn^csUgatlons, mat^^abcal treat 
ment and philosophical speculation 

HISTORY OF CYTOLOGY 
Discovery of the Cell Cell Theory 

The discoverv of tho cellular structure of organisms is in 
Umatcly bound up v.Hh tlie invention of tlie compoimd micro- 
scope- (Microscope Gr Mikros small and Skopein to see, to 
examme-) 

The ongm and the luccaio e imprtnemenU of the microicope art difficnlt to 
trace ^ith cdaintj but h u certain that it» in\aitwn, of wch cr*** importance 
to the pr o gi ea of bwlogy can be attrihoted to the mQoenct of the mdoitry of 
tpactacle mahmg upon optical *Q«nce- Soma of tha optical ptopertiea of curved 
turface* tvere recognhed bjr Euclid (590 ac.) Ptolnny (127-151 aj)) and hj 
Alhazan at the beKtmun^ of the elereoth cectnTT-t hot practical um had not bean 
made of the ipialrty of magoiricatiaa bjr roch curred lorfacrt. Spectacle* rrert 
uu e u ted m Italy about 12i5 by Salrnm dt Arocati- In the nrteenth cenUiiT 
Leonardo <U Vhtc) aztd Maurolico ftreeaed tlu adrantafts of the om of lenses for 
tb* study of nnaH obfecu. MeeimhiJe, a Dutch maker of spectacle* m Mtddlelrars. 
Zachary Janssen, cod his brother Franos, TrtaVmg use of the experience of their 
father a famoos epocal morier da co re i ed m 1590 henr to combbte tiro caorcs 
lenses in the mtenor of a tube, thos obumine an optKal i n str m n e Pt for magnifyinc 
minute objects The cwn pound nu cro tc o pe wu thus docorervd Sohm hutorians 
lay that, amcog others, the foUosnns also amtribnted to this tnrentton Leioeaid 
and Thonus Diggs, Da la Porta, a^ MeuSt In the book ‘^lapa SataraUs," 
pnbltthed m 15&S, Porta cstabluhas the pnnciplea of cr^stalliae lenses. 

Galileo in 1610 combined tba lenses m a tube of lead, basing hu tior k on the mino r 
that a Dutduoan (Janssen) had constructed stub an mstrument, inrenlmg thus 
his microscope The mafcen of spectacles nnprosed the techmqoe* for the polishing 
of lenses of short locns rmbl m 16 4 Leemvenhoek, a humble Dutch menhant, seas 
able to polish lenses of a magnification aatufactory' for his discorery of certain “reiy 
little animalcules " 

Descartes (1637) In hlj book ‘Thoptnqne,’* describes a conqxmnd nuCTOScope 
cutapoa e d of tno lenses, ont (ocular) planoccaicare and the other {objectrre) 
hi caom . 

Roftr Bacon esteemed the %sla« of lames as an aid to Ttsioc but afto^ being 
unpnsonad, in* avork* were nnkno'w u until I"33 so that hi* cuntahutam* to optres 
unfortunately cmild not hare mDoence on the derelopmant of the microscope. 

B<k^ a physioan m tha court of XIV was anamg tha first to cmplcpy 

th# ttucTTMCope Faber of Bamberg, a physician resident in Roni# in the aerrice rf 
Pope Urban VH, gase the name of “nuenBajpo” to thu optical j mii n nr^ot Faber 
w** a member of the Academy of Dei Tjfu-^ to which belongad Stcllnti, who m 
1625 first applied the nucroacope to anatonncal stndiea. 

Athanatni* Ktrchar fcn tha serenteenth century was the first to employ th* 
imcrotcope s> sterna tically in the study of iliiaiirii. althou^ be erred in his in- 
^“ptrlatKaa Ha microscope, like the earlier models, contated of combmed 
ra the m ten or of a tuba. This tube could be placed hocncaitally and broci^t ft«^ 
to th* object by a nmple screw furdiarmore. a was pronded with a condenser 
mterpoaed betsveen tho light source and tha preparation. Robert Hooke modified 
the optical mrtnmient of Eirchcr MoDaai}t and Campanl (1665) mtercalatad 
a third lens between the objectire and tha ocular with the purpose of elnmnatmg 
chromatic abambon. 
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Along With the mechanical development of the microscope, 
observations were progressing on different objects examined 
with it 

In 1665 Robert Hooke presented before the Royal Society of 
London the results of lus investigations on ‘The texture of cork 
by means of magnifying lenses, and tins was the pomt of de- 
parture of all knowledge concerning the microscopic organization 
of living matter It is interesting to follow m lus description this 
genial man of science wlio was at the same tunc a physicist and 
mathematician, besides being one of the best mechames and 
mventors of his age. 


Hooie wrote, in Ui ‘^OcroRnpIu*” (Ob»err XVITL Of the Schemerifm er 
Texture of Corh, end of the CelU end Pores of some other such frothy bodies)} 

I Took a good dear piece of Cork, end with a Pen knife sharpen d as keen at a 
Razor 1 cut a piece ^ it off, and thereby left the surface of it exceeding smooth, 
then cxamming H rary dfljgWly whh a Micnatope, me thought I could perceiTe 
H to appear a little ponnit but I amid not so plainly dotingoish them, as to be 
sure that they were pores, much less what Figure they were oft But judglnf from 
the li|htnest aod yielding quality of the Cmh, that rertaJnly the texture could 
Dot be to cunous, that postfhly if I could use sortie farther diUgcxice, I od^t 
fiDd it to be ditcemable with a Mkrotcope. I with the tame sharp Pen knife, ent 
aB from the former aaooth sorface an exceeding thin piece of it, and pladng it on a 
black ohrect Plate, hecaase it was it sel/ a white body and racmg the light on U 
with a d^ plane c ogre s Glass, I coaid exceeding plainly pertetie rt to be all perfo* 
rated and porous, much like a Honey-comb, hut that the pores of it nere DOt regular 
yet It was not unlike a Hooey -comb in these partioilars 

First, ua that it had a lery little solid aobstonre, in coxopaiiso} of the emp^y carity 
that was contam d betsveen, as does more manifestly appear by the Flgors A and 
B for the Interstitia, or walls (as I may so call them) or pamiionJ of these 
pores were neer as thin in proportian to their p or es, as those thin Ehoa of Wax hi 
B Haneycanib (which aaclose constitate the sexangnlar cells) are to theirs 
Next, in that these poret, orcrllj werenoS rery deep, but consisted of a great many 
little Boxes, separated oat of one cootinoed long pore, by certain Diaphragms 

I no sooner discemd these (which were indeed the first mkroscopicai pocei I 
erer saw and peihaps, that were erer seen, for I had not met eith any Writer or 
Penon, that had made any mention of them before this) hot roe thoaght 1 had 
with the dtscorery of them, presently hmted to me the true and ImelLgibla reason 
of all the Phaenomena of Corkj As, 

First, if I enquir'd why it was ao exceedingly L^t a body? my Microaa^eaaJa 
presently mfonn roe that here was the same reescai eiident that there is fcarod w 
the lightness of froth, an e m pt y Honey-comb, Wool, a Sponge, a PumicestMia, w the 
like, namely a reiy grtiaTT quantity of a solid body extended into exceeding large 


As wo see, he thus left to us the name of cell (Gr Kylos 
hollow space) f 

Hooke, Robert Micrographia (J665) Facshmle Edrti® pnWnb^ br R. T 
Gtmther In “Early Science in Oxford," VoL XHT The Life and Works of Robert 
Hooke (Part V) Oxford, 1938, pp 113-li3 TW.r-«i. 

+ It u interesting to note that Roger Bacon, according to D*Arcy ihompumt 
ftlreedy held a con act notion of the cell theory callmg the elements, cem 
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I^tcr and also in the seventeenth century, G^e^^ and Mai 
piglu repeated the obser\’ations of Hooke in different plants and 
recognized m them minute cavities m tlie midst of a homo- 
geneous mass, ivhich they called ‘utricles or vesicles- This 
knos^ ledge remained almost stationer) up to tlio beginning of tlie 
ninetccntli centurs By that tame tlicrc had been recognized onl) 
one of the parts elaborated bj cells, tlie cellulose membrane of 
plants avlncli constituted tlie cell of Hooke, or tbc utricle of 
Greav and Malpighi Tlic true cell contamed m these cavities 
contmued to escape tlie obscnation of the mvcstigators 

Although tlie llieory that all animal and plant orgamsnis are 
composed of cells is associated \antli the names of Scldeidcn (1838) 
and Sclm'ann (1839) numerous macstigators had presTOUsly 
promulgated tins same tlieoiy in a form more or less complete 

Tims Mirbol (1808-09) amved at tlio conclusion tliat plants 
are forroed by a membranous cellular tissue. Likewise the 
celebrated naturalist Lamarck (1809) afErmed no body can 
have hfe if its constituent parts are not cellular tissue or are not 
formed by cellular tissue. Similar ideas are cncoimtcred m tlie 
publications of Dutroclict (1824) T\uT>in (1626) Mejen 
(1830) von Mold (1831) in sslucJi the cell tlieor^ is clearly 
expressed (See Conklin, 1939 ) 

In spite of all these antecedents, one of the most surprising 
facts m the history of science is that m mans texts of biology the 
Nvntcrs consider Schloiden (1838) Professor of Botan\ at Jena, 
founder of tlie cell tlieory as thougli he had discovered for the 
first time that all tissues of plants arc composed of cells (Conk 
lin) The results of Schicidcn upon Uic constitution of livmg 
matter m plants were confirmed and extended to animals by 
Schwann (1839) This author earned out a mmute msestigatron 
of the tissues of tlie animal body and of tlie de\elopment of cells 
and for the first time used the term Cell Tlieoty for the con 
cept that The cells are organisms and animals as \vell as plants 
are aggregates of these organisms, arranged m accordance with 
defimto laws. The residts of Schwann permitted the establish 
ment m defimte form of the cell tlieory 

II U mttmtuig to roaU In this regard tliat Scliwami coocared T«ry dtfimte 
riao not cnir on the morpJicJogical import«nce of th* ceO bat <» iti 

pfarffelofical iignifkioc*. According to him, cellnlu’ pteoomena could b« dxnded 
mto two groope "tht filasUe phenorntna^ that b, the combinatiaD of tnofacnla 
wbkh form tba cell, which, in modern tarmi. carrwpondi to th cellola morpbolocr 
and “the phonological pheaotoena’* that mnlt from “chamical cbangci, whetber 
tn the particlea that compo** the cell rtaelf, or m the Birnxmdinf cjtoblaftema 
(the protoplasm of today) " Tbaae procaaiei ha daigoated “mrtahohe ptu i i on u f ta,’’ 
theae word*, written 100 yean ago, Schwann axpresaad oar present point 
of flew end for thi* reason be may be connderad as th# father of modem cylcJc^y 
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Omog to ita cmiimiitly morpholoigic*! t9tulaac;f wUcb held miy in tba ninetaeDtli 
centary Hologiiti dedictted their etodiet to th« firtt group of phencmena 
to the cleenDcaUcrn ol Schwanu, completely forgoUmg that, beicblei Jtj tu i ittim , 
the cell Uherrijo has phypolopic*] procatet. It « aUo iirterertjng to recall that 
the TTOrdi “motabolk" and ctmceiTed by thii anatomift, were t aVfn 

np hy phyiiology 

The ccU theory was quickly extended to unicellular organism* 
as it was recognized that Protozoa arc animals consisting of a 
single cell (von Sichold, 1845) and it was Haeckel who divided 
the animal kingdom into its tvro most important groups Protozoa 
and Metazoa 

Albert KoHiker, tlio famous Swiss anatomist, apphed the cell 
theory to embryology In 1841 he demonstrated that spermatozoa 
are histological elements which originate m the organism, and m 
1844 ho extended tins concept to the ovum from uhich — by 
division of cells — ^tlic organism is developed. 

Another important adaptation of tlie cell theory came from 
a completely different field. R. Virchow apphed this theoiy to 
pathology demonstrating that pathological processes take ;^c© 
in the cells and tissues (1858) 


Protoplasm Theory 


During the scvpnteontJi and eighteenth centuries only the 
membrane of the plant cell had been recognized, at tlie b eginnmg 
of the nineteenth century the atlcnbon of the mvestigators be- 
came concentrated on the content of the call, which was described 
by different authors as ' gelatinous juicc,’ or ‘mucous, mua 
laginous In the cellular )uice of cells of the orchid. Brown 
(1831) discovered tho nucleus, one of the fundamental and con 
stant components of the cell. 

In 1835 Thijflr din earned out observations m vivo on lower 
organisms such as the Rhizopoda and Foranunifera and described 
the content of tlic colL, which ho called sarcode, as * a gelatmoui 
substance, perfectly homogenoous, elastic, contractile, diap]^ 
nous, insoluble m water and without traces of organization- This 
substance, tho organoleptic and physicochemical properties o 
which w^ro described m such a preoso form by Du)ardin, reemvw 
from Purkmie and von Mohl the namo of protoplasm whicn 


has persisted up to our time. 

Max Schultzc, in 1861 cstoblished the essential ni^anty 
which exists between sarcode and protoplasm of animal 

thus statmg the tlieory which later was called the Tro 
plasm Theory (O Hcrtwig, 1892) , 

This theory the concept of w^ch is more general tna 


Prot£>pl«CB Gr PnJftw Crrt uid phumOi fcrmstjoii. 
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cell thoorj states that the cell is an accumulaUon of hvujg sub- 
stance or protoplasm, definitely hinited in space and possessmg a 
nucleus and a cell membrane There arc, hos^c^c^ organisms m 
v?hich cell structure is not sveU manifested but svhich, neverthe- 
less, are constituted b> protoplasm such as bacteria and plas- 
modia (Sec Chapter ) 

The pmniti\e concept of the cell has been converted mto 
that of a delimitated Tnn« of protoplasm (cytoplasm) which sur 
rounds the nucleus- For this imil the name protoplast” (Han 
stem, 1880) is more appropriate than that of cell,” although 
this latter has persisted. 

Once these fundamental tiieones were established, the prog 
ress of histological knowledge was extremely rapid The extra 
ordinary modifications that are produced m the nucleus at each 
cell division attracted the attention of a great number of m 
vestigators Thus there was discoiercd the phenomenon of 
amitosis or direct division (Remalc, 1841) and that of mdirect 
division (Schneider Strasburger) or karyoturiesis (Schleicher 
1879) likewise called mitosis (nemming) It was proven that 
the fundamental fact m mitosis is the formation of the nuclear 
filaments or chromosomes (Waldcyer 1890) and their equal 
division between the nuclei or daughter cells (Flemming Stras 
burger van Beneden, RabI) Another discovery of cardinal im 
portance ^vas that of fertilization or fecundation of the ovum and 
the fusion of the two pronudci (O Hertwig 1875) 

In the cytoplasm there were discovered the cell center (van 
Beneden, Boven) the chondnome (Altmann, Benda) and the 
reticular apparatus (Golgi) 

Simultaneously ^vlth the study of the tissues or cellular aggre- 
gates, mvestigators were mcreasmg their concentration on the 
cell considered as a fundamental uniL In 1892 0 Hertwig 
pubhshed his monograph called T/ic cell and Die tissued m 
vrhich, basing his vie\%-s on the characteristics of the celL its 
structure and function, he made a general synthesis of biological 
phenomena He demonstrated m this book that the solution of 
biological problems would be found in cellular processes. In thi< 
way he formed a separate branch of biology that of cytology 
the purpose of which is, at present, the morphological, diemical 
and functional study of the celL 

The history of die development of cytological knowledge from 
the beg inning of the twentieth century up to our time is found 
scattered throughout the chapters of this work, which is designed 
particularly to bring out the modem aspects and the present 
day orientation of cytology 
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Chapter II 

CHEMICAL AND PHYSICOCHEMICAL ORGANIZATION 
OFTHECELL 

Purely morphological cj'lology based on the use of tlie classical 
raetliods of fixation and staining lias approaclied a static state, 
having exliausted tlie study and llie description of \anous cellular 
structures. Modem cytology esscnlialij dynamic, utiliiea some of 
the methods of physics, chomistiy and bioclienuslry and applies 
many of tlicir results to interpret tlie nature of the intracellular 
processes and functional significance of cellular structures For 
these reasons, it is convement to begin tlus studj ^vltll a short 
revicv. of the chemical stniclurc of tlie cell At the sarao tune, 
a general summar) of some of tlie important properties of tliese 
components ^^'lU be mentioned m order to gi\c tlie reader a basis 
for understanding tlio foUoiving chapters Tins summaiy is, of 
course, in no ivay complete nor docs it pretend to bo so Emphasis 
vnll be placed on chemical com5K)sition from tlie point of vwv 
of the configuration and arrangement of tlio molecules constitut 
mg the structure of the cell. (See Chapter IV ) 

GENERAL CHEMICAL COMPOSITION 

Venous types of cells and tissues show cliemical differences 
comparable to their morphological venations Tlius, for example, 
the composition and metabolism of an epithelial cell of the thyroid 
gland differs markedly from tliat of muscle fibers However there 
are certain substances gcncrallj found m all tissues Tliese maj 
be classified as morganic (water end mineral ions') and organic 
(proteins, carbohydrates, bpids, and so forth) Certain complex 
organic compwvmds witli specific activities, such as hormones, 
vitamms and enzymes, ^vlll merdi be mentioned m thi< chapter 
They will be studied from the ecological point of view m subse- 
quent parts of this book, particularly m Chapter X. 

An early approach used by biochemists seeking to Icam more 
of the composition of the body was to make an analysis of uhole 
carcasses or of whole organs or tissues sucli as liv'cr or bram or 
skin. Such an approach has onlj limited cytological value, as the 
matenal analyz^ was ordinarily compost of a mixture of coll 
types For example, skm as analyzed by biochemists usually con 
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lams both epidermis and the connective tissue, dennis or conirm 
Ovcral] analysis of this complex structure may be difficult to 
mtorpret m terms of specific components or clianges m any one 
of the diverse coll types included m the sample Novortheless, 
this approach was useful as a starting point. 

Table I gives an approvitnoto idea of the relative amounts of 
prmcipal inorgamc and orgamc compounds found m active proto- 
plasm At tlic same time a rough estimate of the rolatrrc number 
of molecules is determined by using dolimtc percentages and 
a\cragc moloaUar ^vclghts for tho different compounds 

TABLE I 

Rkmtite CoMPonriow ajtd Relattte Numaci op Molscuum rw pAOTOPijmi 

MATtaiAt, 

(Fmm Spoznier Aud BAth, 19^X) 


1 

1 

StdlftADC* 

PmmtAitr 
ot Fr«h 
tVelght j 

1 mrnU/z* 

1 irti 
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Brisfct 
( ^ 1 

1 j 

AppfoxL 

mjte 

nelatlre 

Number rf 
MoiecfiV* 

tVAler 


as 

' ,B 

18,000 

Prolnx] 

1 7-10 

10 

1 seooo 

1 1 

I Attr S«bftAD«« 

** * 

3 

700 

' 10 

Other Orrinie SabcUDc«i 

' 1- 1 tf 

I 6 

330 

' fO 

iDoririaie ^IitmaJ 

1 

1- 1 fl 

1 S 

1 

33 

1» 


Although these figures aro only approximate they give an 
mtercstmg picture of tho rclaU\'c molociilar population wluch 
might exist in protoplasm 

Water 

Analysis of tissues shows tliat, with some exceptions, water 
IS the component which occurs m greatest amoimts Water serves 
as a natural solvent for ramcral ions and otlicr substances and 
as a medium for dispersion which is extremely important for 
the colloidal structure of tho protoplasm Furthermore, it is m 
dispensable m metabobc processes since enrymabe aebnty takes 
place exclusively in the presence of irator 

The quanbt> of water vanes a great deal from one tissue to 
another Thus, for example, dentine contains only 10 per oint 
of water while skeletal rausdc contains about 75 per cent Even 
m a single organ, its diiferont parts may present 
vrator content such is tlie case witli the bram in which tho w e 
substance contains 68 p>or cent, whereas tlic gray matter contams 
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84 per cent. There is some relationship between ^vatcr content 
and the metabolic actml} of the tissue. Thus the water content 
and the oxygen consumption both increase in the following senes 
of tissues fatty tissue, bone, tendon, mjelm, muscle, thyroid, 
and graj matter Tlie quantity of water in the cells ^'a^es also 
with age in older individuals there is less water m the tissues 
than m joimger Tlie water content of adult brain is about 78 
per cent and of new born rat brain about 90 per cent. Elmbryonic 
tissues are, in general, much richer in ^vatc^ than adult tissues. 
The water content of dormant tissue may bo reduced to about 
30 per cent of the total weight. 

Water exists m free and bound form wTthin tlie organism. 
Free w’ater is the chief soKent m llie coll and a medium for 
metabolic processes Bound water is mainly tied to tlie polar 
groups of protems by hy drogen bonds * As will bo mentioned 
later the long polypeptide chams of the protem molecules (Fig 
27) ha\ e numerous side chains, some of whicli possess hydrophibc 
groups such as — OH, — COOH, =0, — NH» — NH, =N — 
— SH Sucli groups can bmd water molecules The amide groups 
of the poly-pepude cham itself also may bmd water to a lesser 
extent It has been calculated that m gdaUn each ammo aad is 
capable of bmding 2 6 molecules of water (Sponsler) It is very 
difficult to calculate the amoimt of ^vater w^cli is bound by a 
tissue Any resulUng figure depends a great deal on the technique 
employed and tlic concept used m deHning the meanmg of bound 
water However as Bull mentions, if protems constitute about 10 
per cent and water about 80 per cent of the total weight of the 
tissue and if one gram of dry protein binds 0 35 grams of water 
It can be calculated that 4.5 per cent of the total water is bound. 
(For more details on tins problem see Gortner Bull.) 

The problem of bound water will also be discussed later m 
tlus cliapter m connection with the hydrophilic colloids and the 
process of coacervatioiL 

ORGANIC COMPONENTS OF THE CELL 
Proteins and Amino Aads 

Proteins arc the most important component m the molec 
ular organization of cells and are mdispensable m the main- 
tenance of vital processes Cell organoids and enzymes also have 
important protem components Long protem molecules such as 

H> drogen bands ar* esMnUaQ} clectrosutic bonds in which a hjdrogtn minm 
u bound by tsso riec tr o w ga U rt ■toms (te O— H— N) Thu* tht h\drogei of lh» 
skater inotacajes am tonn t kmd of bndge between the two etaDu 
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collagen and fibrinogen may be found in intercellular spaces 
and may Meiviso play an important role in tJic organiialion 
of tissue. (See Chapter IV ) 

The proteins may bo classified as simple, conjugated and 
derived. Simple protam are those which, on hydrolysis, yield ex 
clusively ammo oads. In tins group tlic most important are the 
albumim (soluble m ^^atcr and coagulablo by licat) the glob- 
uhrts (insoluble m water, but soluble m acids, olbabnc and salt 
solutions), the Instones (soluble in water insolublo in dilute 
ammonia, and ivith a strong aficalmc reaction) some of which 
can combine nith nucleic acids to form nucJcohistones, which arc 
found in largo amounts m raanj cells (thymus, pancreas), 
and the protamines (soluble m water and incoagulable by heat, 
also \viih a strong alkalme reaction) to wluch belong proteins 
found m the spermatoroa of \'anous fishes (clujicine, salmine, 
and so on) Like the lustoncs, the protamines can also combine 
with nucleic aad to form nucleoproteins 

Conjugated proteins are those in which a simple protein is 
rombinod with anoUicr substance, called the pro^etic group 
To these compounds belong the nuclcoproicms, which play an 
important role m the ccU and whoso prosthetic group is the 
nudeic acid, Uic glj coprotems (mucoprotcins) m which protein 
IS combined with carbohydrate (mucim and so on) the phos- 
phoprotems, combined wiUi phosphorus (casein and viteUin) 
the locithoprotcins, sucli as fibrmogen of the blood, whose pros- 
thetic group IS leatlim and the chromoprotems, a \ cr^ widely dis 
tribut^ group 'vhich includes a senes of substances of great 
biological importance which arc cliaroctcmcd by their particular 
colors To the chromoprotems belong hcroogJobm, in which the 
globm is corabmed wTth an iron porphjTm compound (heme) 
and the hcmocy earns winch occur in the blood of vanous m 
vortebratos and m which copper is found occupying a position 
similar to that of the iron m hemoglobin A senes of respiratory 
enzjTncs (cj'todiromes, Davoprolcins, etc.) also belong to this 
group 

Derived proteins mclude denatured (coagulated) proteins, as 
well as partly hydrolyzed protems This group includes proteoses, 
peptones and polypeptides 

All the proteins are composed of ammo acids, which are 
derived from ahpliatic acids (like occtic acid) by replacement 
ot an a hjTJrogcn by the ammo group, NH*, m the o-p^tion 
(hence tlieir name a~animo acids) The ammo acids ® 

tamed from the proteins by hydrolysis, by enzymes, or by bo g 
\nth strong acich and bases 
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Table 11 shows the ammo acid content of certam proteins 
found m ammal tissues 
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From Sahjim, Ammo Aculs Md Prtrteiaj 
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One of the most important characteristics of the ammo acids is 
l^ir capaaty of corabinmg with each oUicr to form long cliains 
property is due to the presence of a carboxyl group 
^ OOOH) and a basic amino group ( — NH ) in eacli molecule 
'ich substances, ^vluch contam at tlic same time acid and basic 
S^ps, are called amphoteric The condensation of ammo acids 
in such a ^^*ay tliat the aad group of one molecule com 
nies inth the basic group of anotlicr molecule witli the loss of 
molecule of ^vater 
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In this equation R , R'', etc^ represent a different group or residue 
for each ammo aad The ImJcage R— NH — CO— R is famihar 
to organic chemists as the araido Imkage. In proteins this bonding 
13 often called a peptide linkage or bond, and whole protein mole- 
cules can bo regarded as high polymers bolongmg to the larger 
class known os polyamides, of whi<i nylon is a famihar example. 
The new compound formed by the above reaction preserves the 
amphoteric cliaracter of ammo acids, smeo it possesses at ono end 
an acid (right) and on tlie other a basic group (left) This makes 
possible further condensations \viUi more ammo aads, forming 
long chains called peptides (KL Fischer) A peptide composed of 
only ammo acids is a dipeptidc, when there are several ammo 
acid residues the compound is known as polypeptide In Fig 27 
a model of a polypepudo cham is shown m which the central 
zigzag backbone portion and tlio various ammo acid residues 
extendmg at right angles on both sides oro represented Tlie 
distance between two peptide links is about 3 5 A. TIus cor 
responds to a smglc ammo aad residue If we consider the case 
of a protein intJi a molecular weight of 36 000 and of about 300 
anuno aad residues, tlie chain, when fully extended, will have 
a length of about 1 000 A, a widtli of obout 10 A duo to the 
presence of the anuno acid residues, and a thickness of about 4.5 A 
(Sponsler and Bath.) 

However, much heavier protein molecules arc found m natim^ 
some of which aro listed licrcwith 


Tmnlin 


Tr7P«i0 

SSfiOO 

Pepsin 

43,000 

Egg albtmtlD 

0,000 

Hemoflobtn (man) 

66/00 

Ttyinglohm (pig) 

630,000 

Habbit papdloma nm* 

4r 100,000 


Although proteins ore gonorally described as consisting of 
long polypeptide chains, the actual molecular sliapc of the 
cules may vary considerably On tlie basis of the results obtained 
with such metliods as the use of \Tscosity-ct)ncentration 
ultmcentnfugation, double refraction of flow x ray analysis, 
fusion, electron microscopy and so on, t\vo mam types of proteins 
are often described (1) the fibrous proteins and (3) the^rp^ 
cular or globular proteins Among fibrous protein, kcra 
myosin, actm (Fig 138) and collagen (Fig 29) biologica 
interest. Globular proteins mclude the truly crystallme pro 
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such as egg albumui, serum albumin, hemoglobin, hemocyanm, 
pepsin, trypsin, and other cry'stalline enzjTncs. 

In Chapter IV the shape of the protem molecules m relation 
to its molecular organization and its special relationship inth 
other protein molecules -will be considemd m more detail Here 
It will be merely stated that globular protem molecules are 
thought of as approaching a sphere m shape, whereas fibrous 
proteins may consist of greatlj elongated elements The actual 
configuration of bonds and atoms constituting these bodies is 
under dispute. Some believe they are made up of folded poly 
peptide chains (Astbury) whereas Wrmch postulates a cagelike 
c^ol structure. Those who adhere to a folded cliain structure 
have postulated various arrangements of chains miolvmg differ 
ent degrees of foldmg (Fig 28) (a jd and y or supercontracted 
state of Astbury) 

"We have seen so far that the presence of a contmuous peptide 
cham IS regarded as characteristic of all proteins It is then as* 
sumed that differences found in proteins belonging to different 
speaes or tissues or even to a single cell tj^ie may depend in 
part on the ammo aad residues (Table II) Of the numerous 
residues found in cellular proteins some of them, hhe those be* 
longmg to leucine and phenylalanine, are aliphatic and nonpolar 
so that they have no affimty for water On the contrary other 
residues containing — OH, — COOH or — NH» groups are polar 
and can coordinate water molecules, mainly by hydmgcn bonds. 
Particularly interesting are the ammo acid residues havmg groups 
which may become ionized and thus bear an electrical charge. 
Among these one finds tsvo general types 

1 Aadic groups, which may lose a proton and become 
negatively charged This type is found m the diacidic ammo 
acids hke aspartic and glutaimc acid, m which the free carbotyl 
group dissociates as follows 

— COOHia— H +— COO- 

2 Basic groups, which by gaming a proton become posiUvely 
charged. This type is found m the ammo aads with two basic 
groups such as lysme, argmme and histidine, m which the free 
ammo group, the g uanidin e group and the umdazohe group may 
become ionized and have a posiUve charge All these so-called 
ionog<7nc groupt together with tlie termmal free carboiyl and 
a mm o groups contribute to the acid base reactions of proteins and 
to the electrical properties of the protein molecules. 
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Because of tlic presence of Uicse jonogcnic groups, pu-^ 
litc Uic free ninjno ociH show an amphotcnc dumterr 
form ^uittcnons As tlic dissociaUon of the diffomt wdre. 
basic groups tales place at different H concentnticeB dt 
medium, tins grcall> influences Uic total charge of ibe mV 
In each t}pc of protein Uiere is a definite pH al^bith 
posiUic and neg iU\c charges is 7cro Tins particular jjUb of 
tlic isoclcctnc point (pi) At Uie isoclectnc point proteop 
an clcclncal field do not migrate to either of the poles, idir 
lo^^•c^ pll tlic) migrate to Uic cathode and at hi^urpHl 
anode, Uiis mo\cmcnl being called electrophoresis. Aiihi 
clectnc point maM^ of Uic pln^sicoclicmical propcrtierfttfp 
terns arc luiiquc I or instance, the xnscositj solubflrtr brie 
osmotic pressure md coiiductmt^ rcadi their mimnnm 

Tlic isoclcctnc jKiint is cliamctenstic for each kind off 
and depends on tlic Ujic and amount of lonogcnic greq* 
tamed in Uic molrrulc Tor cvample in Uic ease of the 
and prolamines t uiid inainU in the nucleiK, thefc-T’" 
pomt IS at Inpli | tl flO to 12) Tins js due to thepre; 
numerous baste u ulues In gelatin Uic isoclcctnc 
pH 4 7 

Tlic acid base hmding copacit) resulting from 
of positive and nc^itno charges in Uie proteins 
compounds can lie studieil cMologicallj h} 
acid or basic djes in nppropnntc ranges of pH 
conditions Tins method has been us^ to dctcmuDcu* ^ 
pomt of a part of Uic coll (Pisclimgcr) and 
cnl compounds present iii cells and tissues 
Smger) 


Carbohydrates 

The carboh) drates ore composed of carbon, 
oxygen. Tlic} ore important sources of energy 
plant cells and m many plants Uicy ore 
of cell ntoIIs and serve os supporting elements 
or plant Plants possess the capacity of 
variety of carbohydrates directly from carbon 
m Uic presence of light Jii ammol tissues 
hydrates, the most important being glucose, 
and mnmo sugars and Uicir polymicn. 

The most important carbohydrates, from tW.J 

of view arc divided into four dosses . 

chandes, truacdinndes and poly^saccliandcs. 
which ore grouped under the common name d 
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of their svreet taste) arc readily soluble in ^ater and alcohol, 
crystallize and easily pass across dialj’zing membranes Tlie poly 
saccharides, on tlie otlicr hand, form colloidal solutions witli 
^vate^ do not crystallize and do not t^a^ erse membranes. 

The monosacclmndcs arc simple sugars "^Yth an empirical 
formula C.(HiO) and are classified, in accordance nvith the 
number of carbon atoms, as tnoses, pentoses, hexoses and heptoses. 
It has been possible to sj'ntliesizo more complex monosaccharides 
^vlth 8 to 10 atoms of carbon such compounds, however do not 
seem to exist in nature Of the monosaccharides the most im 
portant m cells ore the pentoses and hexoses Among the pentoses, 
nbosc and desoiynbose mtervene, as it will be seen later m the 
constitution of nucleic aads and nucleotides Glucose (C*HiiO«) 
15 the hexose raainlj involved m the energetic changes of the 
cell Stereochenucallj it can be best represented bj the model 
proposed bj Haworth (Fig 2) 

The duQccJiandcs are sugars formed by the condensation of 
two molecules of monosaccharides ^vlth tlie loss of one molecule 
of water their empirical formula therefore is CuHaOn The 
most important subkances of this group are sucrose and maltose 
m plants and lactose m animals. Ail tlirec of tliese sugars are de- 
nrki from the condensation of hexoses For e.\ample, maltose can 
be represented stereochemically by two hexopjTanose rings as m 
Fig 2 

The tnsaccluxndcs result from the union of three molecules ol 
monosaccharides with the loss of t^vo molecules of water hence 
their formula is Ci»H«0 • 

The pol) sacclianda are the result of the condensation of 
many molecules of monosaccharides with a co rr es ponding loss 
of water molecules. Their empirical formula is (CiHmOi), By 
hydrolvsis they yield molecules of simple sugars 

The most important of the polysaccharides are starch, gly 
cogen and cellulose. The first two form reserve substances m ceBy 
of plants and animals, respectiiely The tlurd is the most im 
portant structural element of the plant cclL 

The synthesis of starch may ^ brought about directly from 
carbon dioxide and water by means of chlorophyll (photosyn 
thesis) Though the mecliamsm of this reaction is not known m 
all Its details, recent wort (Wood and Wortnmn) showed that 
the first stage is the fixation of carbon dioxide by an acceptor 
(see Chapter X) This reaction may take place m the dark. The 
next stage, which requires the presence of light, is reduction to 
a Simple sugar which, in turn, through condensation and a sub- 
*a^errt reduction, finally forms the polysaccharide. 

1 
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In starch, two long polymer molecules arc found, one, amyl 
ose, IS linear wlulo the other am^lopcctm, is branched In amyl 
ose about 200 to 500 glucopyTonoso umts arc found forming a 
cham which can be represented storcochcmically as shown m 
Figure 2 In the amylopcctin, several glucopyranosc chains arc 
themselves jomed at 1 6 linkages 


Fig. 2. ModeU of carbabjxlrtte* •faomng glucopyranow rmg*. Vpptr uft 
S-glucofo* carbon alomt in blacL, oxygen in fnj hydrogen in nnaU tpbcrci. 
Vpp*r nghi tno gl n cop j - r aooM ring* bound to form tb« ikeleton toodel of nulto#* 
ijawtr SeetKn of tbe iLeletoa model of a polj^accbanda (anelo**) (Fitan 
Hav^ortlL) 

Glj cogen may bo considered as the starch of the ammal cells. 
It IS a polymer composed of many rings of glucose, and represents 
an important source of energy in the body It is found m numer 
ous tissues and oigons, but the largest proportion is contamed m 
the liver and in the muscle. In contrast to starch, wluch is found 
tvithm the cells in the form of cell inclusions, glycogen, being 
to a certam degree soluble m water (15 to 20 per cent) may bo 
dissohcd m the protoplasm In the living cell it is therefore in 
visible, but on treatment ivith xanous fixatn^es glycogen pre- 
cipitates and can bo demonstrated histochcmicallj by means oi 
tlic iodine reaction, which gives a reddish brown color with 
glycogen. 

The content of glycogen vanes according to the diet, but 
normally it con-esponds to some 3 per cent of tlie total weight o 
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the liver It is continually broken dovm and synthesiied in tlie 
organism, not directly however as m the case of starch m plants, 
but from glucose molecules in the liver and from lactic aad m 
muscle (Pasteur Meyerhof Cycle) It can also be synthesized 
from proteins and ammo aa^ 

Cellulose is another important polysacrliandc m plant cells 
Along with bgnin, it constitutes not only the wall of tlie cells 
but also a senes of otlicr structures whicli form part of the sup- 
portmg skeleton of plants Cellulose is composed of units of 
cellobiosc (CiiHuOn) a disacchandc isomer of maltose, formed 
of two molecules of hexose. On hj drolysii, cellulose yields glucosc- 

Mucopolysacchandes Mucoproleins and Glycoproteins (Meyer} 
Under these different names there are foimd a \ast number of 
compounds which are lery important m the molecular organiza 
tion of the cell and partioilarlv of Uie mterccUular substances, 

Mucopoly'saccfiandes arc polymers of high molecular weight 
containmg acetylated hexosamme and found free or combmed 
with morganic bases or with proteins. They are divided mto two 
main groups 

1 The neutral mucopoh saccharides wlucli contam only 
acetyl glucosamme (i e,, chitm) or other monosacchandes like 
galactose, or galactose plus rhanmose. 

2 The aad mucopolysaccharides which, m addition to acetyl 
glucosamme, contam an acid like glucuromc acid (i e_, m hya 
luromc aad) sulfunc aad (lc,, in chondroitm sulfate and 
heparm) or phosphonc aad, 

Mucoprotarzs (also called mucoids) and gly coprotans are 
complexes of acetyl glucosamme and other hydrocarbons with 
proteins, Accordmg to Mexer these groups differ m the amount 
of the ammo sugar which is above 4 per cent m the mucoids and 
below 4 per cent m the glycoproteins Among the first group one 
finds substances secreted m sabva, m the gastric mucosae, the 
ovomucoid and so on m the second, ovalbumin, seroalbumin, etc. 

Of this heterogeneous group of substances the aad poly 
saccharides, and particularly hyaluromc aad. chondroitm sul 
func aad and mucoitm sulfunc acid are of importance m cytol 
ogy All three compounds are found m the groimd substances 
of the connective tissue, where they probably act as bmdmg and 
protective agents, and also m the umbilical cord, 

Hyaluromc aad is also found m tlie synovial fluid, the vitreous 
humor the aqueous humor and probably m other tissues As 
other high polymers, hyaluromc aad produces very viscous gels 
even at low concentration. This has been attnbuted to tlie presence 
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of long, branching particles, as evidenced by flow birefringence 
data and electron microscopy (Fig 126) (Sw Chapter XL) 

Nucloic Adds 

The carbohydrates also form compounds (syraploxes) with 
other substances, as for instance, protoms, ammo aads and so 
on One group of compounds of particular mtorcst for the 
cytologist is the nucleic acid group They arc fundamental sub- 
stances for the cell and constitute the most important part of the 
chemical composition of the nuclei. In general, they form the 
prosthetic group of cortam conjugated proteins, the nucleopro- 
teins The nucleic aad of nuclear cliromotm may bo combmed 
with a histone or a prolamine and mtli otlicr proteins Nucleic 
acids and thoir role in the cell \vill bo treated in detail m Chapter 
Vn and their importance m cj^ogenotics m Cliaptcr VUI How 
c\‘cr wc wish to anticipate hero some basic dicmical facts. The 
nucleic aads have a complex cliemical structure tlicy are formed 
of sugars (pentoses) phosplioncaad and mtragen bases (punnes 
and pytinudincs) Tlxc most important arc desoxyribonucleic 
aad, ribonucleic acid (jcosl, nucleic acid) and lubcrculinic aad 
of tlic tubercle baallu 

Nucleic acids arc considered to be long poliTiudootides rc- 
sultmg from tlio Imkagc of man> imits called nucleotides A 
nucleotide results from tlic combmation of one molecule of a 
pentose with a nitrogen base (punno and pynmidmo) on one side 
and with a molecule of pliosphonc aad on tlic o^cr Several 
nudeobdes arc bound togcUicr pcrliaps os represented in this 
diagram (see also Fig 56) 



»-C-B 


TaLmg a concrete example, in dcsoxynbonudcic acid, C is 
2'dcsoxynbosc and Bi adenine (a punne) B», thymine (a pyn 
raidme) B», cytosme (a pynmidmo) and B*, guanine (a punne) 
In addition to nudcic aads, sevorol simpler nucleotides of 
importance in tissue ha\e been isolated* Among them one finas, 
mainly in musda, adcnyUc aad and income aad, both ha^nng 
m common one molecule of pbosphonc aad, and one moleculo 
d nboso* They differ m the base wliich is adenine in the first an 
hypoxanthme m the second Guanyhc aad differs from ® 
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fonner in hflvmg guanine as a base this is found in pancreas, 
spleen and liver Other nucleotides have important roles in enzy 
matic reactions Among them there is the diphosphopyndme 
nucleotide or coenzyme I containing adenme, mcotmamide, two 
molecules of d ribose and tvro of phosphoric aad Tnphosphopy 
ndinenucleotide or coenzyme II, differs from the former m hav 
mg three instead of two molecules of phosphoric acid- 

bplds 

Under thu name are listed a large group of compoimds which 
show a relative insolubility m water and a solubihty in organic 
solvents such as benzene, petroleum ether and chloroform* This 
general property is due to the predominance of long ahphatic 
hydrocarbon chains or benzene rings* Such structures are non 
polar and hydrophobic. In many lipids such chains may be at 
tached to a polar group at one end, which may then be hjdro- 
phihc, and perhaps capable of bonding to water by hydrogen 
bonds 

Lipids can be classified as 

1 Simpie hpidi which ere alcohol esters of fatty aads 
Among these are 

a Glycerides often called tnglycendes, which arc tn 
esters of fatty aads and glyceroL These are sometimes 
further divided into fats and oils. Fats are sohd at 20®C,, 
whereas oils ore hquid at this temperature Certam 
common fats ore tallow lard, human fat and cocoa 
butter Among the oils are fish oils, ohve oiL, castor oil 
and the 

b Waxes which are esters of fatty aads with edcohols 
other t ha n glyceroL Beeswax is an example, 

2 Steroids are hpids characterized by the cyclopenteno per 
hj’drophenanthrene nucleus (Fig 3) This is an ahphatic nng 
system, hut maj have one or more ^phaUc unsaturated double 
bonds, as well as various side chains To the steroids belong a 
senes of highly important substances in the body such as the 
sex and adrenal cortical hormones, vitamin D the bile aads and 
so on. Steroids possessing an — OH group are called sterols 
Cholesterol is a widely distribuled sterol, whidi is the pnncipal 
constituent of lanohn or wool fat, and is found m the bUe, brain, 
adrenal glands, and elsewhere It often occurs m ester linkage 
^vlth some fatty aad. 

Stereochemically form complex nng systems which 

are rather flattened. In the case of cholesterol the molecule is 
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about 20 A in length 7 to 7 6 wide and 5 A thick- Here agam li 
a polar — OH group at one end and a nonpolar hydrocarbon 
residue at the other (Fig Z) 
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Fig 3 Stercocbcmxal fomniUi of pbwpholipidi, certbrodda aod ® 

nhich th* r«Ub e «i«« of tbf ma]oaiIe« •x« maiiiuined. (From Pdoo*; 


3 Complex lipids ore those wluch on hydrolysis yield other 
compounds in addition to the alcohol and acids Among these are 

a Phospholipids which are fats contoming phosphate and 
mtrogen such as lecithin, cephahn, sphmgomyelin an 
the acetal phospholipids (Pig 3) 
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b Cerebrosidcs These arc fatty aads combined with nitro- 
gen-containing carbohydrates In tins group fall kerasin, 
plirenosin and nervone Tliesc arc found mainly as con 
stituents of the myelm m nerve (Fig 3) 

4 Cawtcnoids (bpodiromes) are red or orange cell pigments, 
soluble m orgamc solvents, insoluble m ^^ate^ to which belong 
carotenes, m carrots and grass, xanthophyll (lutem) in leaves, 
vitamin A, egg yolk pigment and the like 

5 Other lipoidal substances might be mentioned, such as the 
xanthocyanins, which are plant pigments and certain melanin 
like phenohe polymers which are soluble in organic solvents 

The hpids of primary cytological mterest mclude tnglyc 
endes which are composed of glycerol and fatty acids Glycerol 
is a tnhydne alcohol, whose formula is 

CHjOH 

I 

CHOB 

<!b,oh 

It has three hvdrovyl groups which can be substituted by three 
molecules of fattj aads so as to form a tn-estcr (tnglyccnde) 
In the animal oigamsm, the most important fatty acids found 
combmed with glycerol are palmitic, steanc and oleic. All these 
aads are monovalent, three of their molecules combimng ^vlth 
one molecule of glycerol, thus fomung tnpalraitm, tnsteann and 
tnolcin, rcspecti\"ely or mixed glycerides with two or more of 
the tj^pes of fatty aads bound to Ae same glvceml residue. The 
fat of adipose tissue is largely a nurture of these esters m variable 
proportions 

If a fat or oil is hydrolized with an alkali, the fatty aads 
separate from the glycerol and may form a metallic salt. This 
phenomenon is called saponification and the product is a soap 
Stereochenucally fattv aads are constituted bv long hydrocarbon 
chains (generally containing 14 to 18 carbons) with a polar 
— COOH group at one end. This particular disposition of the end 
groups makes the fatty aads and other hpid substances highly 
polarized and explains the particular orientation of these sub- 
stances m the presence of polar or of nonpolar solvents (See 
Chapter W ) 

m a tnglj cende three long parallel hvdrocarbon rliRinc are 
linked by their polar end to the glycerol (Fig 4) 

Lecithin can be considered as a modiGed fat in which one 
fatly aad residue is replaced by a phosphoric aad, plus a mtrog 
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enous base, cboline. Here also are found two long parallel hydro- 
carbon chains of about 25 A in length with a poW portion at one 
end and nonpolar groups in the other (Fig 3) Cephahn is 
similar to Icathm but has a different base, cholamino (Fig 3) 



-Ofj CHj- 
-Oh QH— 


up L T 

F)g. 4 Dugram ibomog tpatul arrangeintiit o! ledtUn (L) end tniljccride 
{T) to nlitton to • polypeptld« cluin (P) to vnter mdmJw (.0) (Freo 
Frey jnling.) 


As in the case of the proteins, phosphobpids hare aadic and 
basic groups (ziviUenon ) , in the case of leathin the jsoelectnc 
point IS about pH 6 7 

The carotenoids are animal and plant pigments which bebng 
chemically to the hydrocarbons and whose general formula i$ 
CiiHm- These compounds consist of two abphauc rings connected 
by a conjugated pol 3 cnc chain. Carotenes can be isolated from 
carrots and are responsible for their orBnge->Tllow color They 
arc widel} distributed pigments in the plant kingdom a- ^ 
and 7 -carotcues have been described It is from these substances, 
particular!} the d-caroteno^ that Uic animal tissues s}'nthcsire 
vitamm A. Another common pigment belonging to the carote- 
noids js lycopene, found in tomatoes and responsible for the red 
color of the npc fruit 

Chemically related to the carotenoids arc the xanthopbylls, 
of which group lutem may bo given as an example. This pigment 
IS found in the chloroplasts of green leaves, but is oversbadowed 
bj the presence of chlorophylL As soon as the quantity of the 
latter diminishes when the leaves diy out in autumn, lutein bC" 
comes manifested. Besides the carotenoids and the porphyrins 
(such as chlorophyll, hemoglobin and so on) the flavms have to 
be mentioned as biologically important pigments In water soln* 
tion they have a yellow color and a ycUoivish green fluorescence. 
To the flavins belong the loctoDavms in milk, the riboflavin 
(identified as vitanun Bj) and so forth. 

In the oigamsra the role of the lipids vanes greatly according 
to their location and dispositioii. Glyccndes serve as stores o 
energy and m some forms (whales and walruses) may provwe a 
protectiou against cold and injury Leathin is bcheved ^ 
a role m mcthylation reactions in the liver (Best) Phosphohp 
and cercbrosides are found pnnapally m nervous tissue as con 
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sUtuents of myeUn. Of the steroids, the bile aads serve as protein 
denatunmts, and emulsifiers to aid digestion cholesterol is im 
portant in conditioning the mechanical properties of epidermis 
and hair and the steroid hormones regulate a number of essential 
metabohe and reproductive processes 

From a cytological pomt of new it is important to differentiate 
the visible hpids, ea^y demonstrable m the cells by common 
methods of histochemical analysis, and tlie insnsible or masked 
hpids The former generally ore visible directly in the form of 
refractile droplets ^hich give readily the typical reaction for 
hpids blackening with osimc aad, stainmg with Sudan HI and 
so on. Masked lipids, however can be demonstrated indirectly 
by a r beTTiirfll an^j’sis of tlic total tissue. For instance, in the 
renal cells, fat droplets are not generoUj observed. Nevertheless, 
they contam appreciable amounts of hpids In certam patho- 
logical states, hepatic and myocardial cells show mmute droplets 
of fat without an actual increase m the total content of hpids. 
Thu phenomenon is called Iipophancrosis or fatty degeneration, 
a process m which part of the masked hpid becomes mamfestedL 
The miTsfbihtj of the hpids may be due to a very fine dispersion 
of their molecules m the cell protoplasm, or to their combmation 
with proteins to form lipoprotem complexes (Fig 4) Typical 
examj^es of such complexes will be found in Cbaplers V and VI, 
where the structure of the membrane and of the chondnome will 
be discussed. There are chemical procedures which unmask some 
hpids and make them visible (Qacao) One of these consists of 
hydrobnng the protein part of the protein lipid complex, and it 
u particularly important m the studj of the Golgi apparatus 
(Chapter V) 

INORGANIC COMPONENTS OF THE CELL 
The morgamc and mineral constituents arc found m the rnll 
m the form of salts or m combmation with proteins, carbo- 
hydrates and hpids. In certain cases they may be combmed with 
ammo aads to constitute hormones (thjTOxme) or with proteins 
to form such important compoimds as hemoglobm (iron) chloro- 
phyll (manganese) cytochromes (iron) hemocyarun (copper) 
and others, or with purmes or pyrimidines and a pentose m 
nucleotides. In general, the inorganic compoimds maintain the 
aod base equihTjnum and regulate tlie osmoUc pressure and the 
phosphate bond plays a very important role m glycolysis. Salts 
groerally exist m the protoplasm dissociated mto electrically 
parbeies, cations (with a posiUve charge, as for instance, 
Na ) and anions (with negaUve charge, Q") "VNTien considering 
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the diitnbuUon of substances m the body, it u important to re- 
member that the various morganic components arc not distributed 
ovcnly throughout tlio tissues, but arc more concentrated m some 
portions of the bod^ Uian m others. Indeed this differential con 
centrotion or osmotic gradient may be raamtained even between 
an aquatic animal and its environment. In Table HI the con 
centmtion of certam ions m tlic blood of tlirco raanne animals 
IS hsted m comparison ivith the concentration m sea water 


TABLE ITT 

low CowcEirnwTiQw iw Sea Watbi a«d iw the Dlooo of Majuke AmuAU 
(After Maollom frem Baldwin.} 



1 

\* 

K 

c« 

its 

Cl ! 

1 


St* tVtlff 

100 

3 31 

S 01 

12 1 1 

181 

20 f 

Kjng Crnt) Liraolu 

100 


4 Ofi 

11 * 1 

187 

IS 4 

JeU^Oih, tuMla 

100 

S 18 

t IS 

11 4 I 

183 

' 15 1 

Cod r dw 

100 

0 30 

3 03 

1 

1 11 1 

150 

1 



Note that in tlio blood of tlicsc ammals sodium is in eqm 
libnum with tliflt m the sea water, whereas appreciable osmohe 
gradients are raamtained witii respect to potaisium and sulfate. 
Tlic lomc composition of tJic blood of tJicse monne animals is 
strikingly constant m spite of venations m tlio mmcral content of 
seawater (For discussion see Barcroft, 1934 and Baldwin, 1937 ) 

Withm tlio organism stnkmg osraoUc gradients are also 
foimd. Hius potassium and mognesium tend to become con 
centrated inside cells, ^^llcrcas sodiuni and chloride are mainly 
locahrcd outside the cell m the intercellular fluid, lymph and 
plasma (Fig 5) 

Some of the rainorol substances can bo demonstrated in the 
cells directly bj using the methods of rmcroincinsrcUion (Poh 
card) Tlus consists in submitting a shce of the tissue to a tem 
peraturc of about 650°C in an especially devised oven, which 
brings about tlio combustion of all tlie organic components of the 
celL The residue wluch remains (ash) raomtains approximately 
the localization uhicli it had before mcmeration. The image thin 
obtained, compared with an adjoinmg shce, stamed with the 
usual te<juuquc, maj give evidence for the distnbution of cal 


cium, raagncsiuni, iron, etc. . 

In addition to what was said m general about the mm^i 
components of tlie cell we wish here to point out other char 
actcnitics of some of them 
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Catalan ions are found m t)ie circulating blood, m parts of 
the cells and in bone and calcified cartilage, irher e they are en 
gaged hy phosphate and carbonate ions ui a crystalline arrange- 
ment resembling that of the rmneral, apatite 

Intracellular 1 ons 



Fig. 5 Dia^nin thi»Tizig tba dittnbotlmi of iods In different time cells in 
compemoD to thel of •ennn. (From I^omy ) 

Phosphate occurs in the blood and tissue fliuds as the free 
lou, but much of the phosphate of the body is bound to organic 
residues m the form of phosphohpids, nucleotides, phosphopro- 
tems and the phosphorylated sugars Phosphate tends to form 
anhydride linkages with other phosphates, as in adenosme tn 
phosphate, or ester linkages with sugars or alcohols, as in nucleo- 
tide and lecithin It is important m anaerobic glycolysis, where the 
phosphate anhydride bond is an. important source of Tn 

plant cells it has a role m the formation of the cell walk As 
primary phosphate (HaPO ) and secondary phosphate (HP 04 “) 
it contributes to the bufier mcdianism stabihzmg the pH of the 
blood and tissue fluids. 
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Chloride circiJate* m t}tc blood and intercoUalar fluid as 
the lori, and is foimd in much smaller quontitacs m cells It is a 
component of gastnc juicc, inhere it occurs os hydrochloric aad. 
Toother with sodium, it is important in osmotic regulation of 
cells and m mamtaming globulins m solubom 

Potassium is present in high concentrabon withm the cell 
cytoplasm. Muscle contains about 300 mg of K per 100 gm. of 
wet tissue, whereas tlio erythrocyte contains as much as 400 mg. 
per 100 gm. It is behoved to havo an important physiological part 
m nerve conduebon and musclo contracUon. 

Other ions found in tissues arc sulfate, carbonate, bicarbonate, 
magnesium and ammo aads 

Certam ramcrnl components are hJvOwiso found m un loniied 
form. Thus iron, bound metal-carbon linkages, is found m 
hemoglobin, fombn and in tho cytochromes 

Sulfur is found in tho ammo nods cystemc, cystme, and 
methiomne, where it is bound by covalent Imkagc to carbon. The 
tnpepbdc glutathione wluch contains a cystemc residue, is a wide- 
spread metabohte m acbve cells Sulfur m the suUhydryl group 
IS found in the myosm of skolotal muscle and certam essential 
enzymes and is important m contracbhty Sulfur is also found 
m the sulfate ion m the plasma, and in intercellular fluids. 

In order for the cell to mamtam its acbnty, it is nccessaiy 
that there exist m the medium a w^cU balanctsl oquihbnum of 
different ions. If for instance, the heart of a frog is perfused with 
a salme solution contammg only one salt (say NaCl) it beats 
fora bmo, but stops after a httle while if, however otlicr salts are 
present m proper amount tho bcatmg persists for a much longer 
brae. For these reasons, tlic artificial phj'Siological solubons (such 
as Rmger s or Tyrode s solubons) arc not only isotomc (have 
an osmobc pressure idcnbcal with that of the blood and tissues), 
but must embody a proper lomc balance. 

PHYSICOCHEMICAL ORGANIZATION OF THE PROTOPLASM 
Colloids 

From the physicochemical pomt of now protoplasm can 
bo regarded as a complex colloidal system as such it possesses 
somo of the charactensbes and properties of the colloids. 

In 1861 Thomas Graham divided chemical substances mto two 
classes. In one he mcluded substances like salts, sugars 
on which dissolve rapidly m water and can easily pass throogn 
semipermeable membranes (see Chapter VI) while in the other 
group he placed such substances as tho proteins, gums and so on, 
which form suspensions and do not cross the membranes. 
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The substances m the first group he classified as crystalloids 
(once the majority of them are crystalline) whereas those of the 
second group he called colloids (Gr Co/Zo, gum) hoping that 
tins division could be apphed to all exisUng chcnucal compoimds 

This concept was based on the erroneous assumption that 
colloids are amorphous Modem investigations hai e revealed that 
many colloidal particles like those of certam proteins, enzymes 
and even viruses (Fig 1) ma^ ha\e a regular structure and may 
aggregate m crystals. 

In modem usage one may apply the term colloid” to a 
system which mvolves particles or aggregates rangmg m size 
from about 1 mji to 100 mu. These limits are arbitrary and have 
no special significance m themselves Substances are spoken of as 
being on the colloid state when aggregated m particles of a size 
falling withm the colloid range. Such aggregates may be dispersed 
m a flmd, gas, or sohd. In some cases the dispersed particles may 
show some of the properties of solutions m other cases they be- 
have hko suspensions. In neither case can the aggregate pass 
through an ordinary dialyzing membrane permeable to ions and 
small crystalloids Particles of colloidal size may bear an electric 
charge and migrate m an electric field, and hence behave like 
ions and carry on ionic current 

In Table fv are gl^en the dimensions of some aggregates of 
colloidal size and thoir position with respect to the size of other 
particles. 


0 1 milUinicroc (0 1 mU) 

1 TTutlmt ir f rwi (1 m^i ) 

1 micmn (1 u) 

Cdls CDd bacteru 
p«rtKlM 

Particle* of colloidal gtdd 
Starch molecule 
Hjdroccn molecule 


OOOOOOOl mm (1 A) 

0 000001 mm (10 A) 

0 001 mm (lOW) A) 

10 Mil n (1004JOO-14»0 A) 

1 m+i^lOO nqi (10-1^ A) 
lJm» (17 A) 

8 m4* (80 A) 

0 1 mu (1 A) 


TABLE IV 


In a colloidal system, particles or aggregates constitute the 
so-called dupersed pJiase which is suspended m the dispernon 
rnediunv For example, in the case of a colloidal gold, the gold 
particles form the dispersed phase whereas the water is the 
dispersion medium. Some of the properties of colloidal systems 
have been known since 1838 but their significance was under 
only later In that year Robert Browm, the botanist who 
throe years earlier discovered the nucleus, observed under the 
microscope that grams of pollen undergoing germination were m 
constant movement. This moUon is now called 'brownian move- 
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mcnt, and is due to the collisions of molecule* of tlio dispersicm 
medium against tho colloidal particles 

The brownian movement depends on tho sire of tlie particles 
and the viscosity of tlic medium and is proportional to the tern 
perature. The higlier tho temperature of tho liqmd, the more 
rapid IS tlio tlicrmal agitation of tho molecules and therefore the 
more frequent tlic bombardment of tlio particles 

“When a beam of hght passes tliroiigh a colloidal solution, the 
path of tlie light becomes visible- Tins is duo to the so-called 
Tyndall effect ^^hlch is produced the scattering of hght 
from tlio surface of tlio colloidal partidcs Tins phenomenon is 
similar to tliat frequently observed m a dark room when a beam 
of sunlight enters hirough a linj hole and particles of dust wluch 
can hardly bo seen m tlic diffuse light become visible tlirough 
tho scattonng of hght on tlicir surfaces Similarly, tlie blue of 
the sky is a result of tlic scattering of hght in tlic atmosphere, 
and 18 an example of the Tyndall effect Also tlie blue of the eyes 
IS due, not to a pigment, but to Uio scattenng of hght in tlie sense 
of Q Tyndall phenomenon 

The phenomenon of light scattering is tho basis of the ultra- 
microscope or darkfield microscope of Sicdcntopf and Zsigmondy 
wlndi permits one to obser>c tlic location of colloidal particles 
by noting tlic position of the pomts of hght uhich they scatter 
In the ordmeuy microscope, tlic light traverses tlie condenser 
and the object vertically In the ultramicroscopc the beam of hglit 
enters from the side and is reflected by tlic partidcs The ob- 
server sees the reflected point of light, uluch is usually m notice- 
able brownian movement (Fig 6 ) 

Light scattenng by coUoidal partidcs depends on the m 
tensity and tho wavelengtlis of the mcident light, the mimber 
and size of the partides, and the difference betivcen the indices 
of refraction of the medium end tlie partidcs TVlien tho indices 
become equal, as m the ease of some hydroplulic colloids, the 
Tyndall phenomenon disappears Protein colloids generally show 
no marked Tyndall effect m visible light, altliough they may 
scatter ultraviolet hght 

The fact that the colloidal partides can be mamtamed m 
suspension without bemg precipitated suggests tlic enstent^d 
a mechanism wluch mtcrfercs with tho influence of gravi ty T ins 
can occur if the suspended partidcs are dectncally charged- L 
one passes an electric current through tho colloidal sdution mo 
partides may be displaced cither towards the anode or tmvartis 
the cathode By means of this phenomenon of electrophoresis i 
13 possible to demonstrate that partides of hemoglobin, copper 
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and so forth are posibvcly charged, whereas colloidal gold is 
charged negatively 

Often coUoidal particles may he considered as surrounded by 
two electrical layers of opposite charge (Helmholtz double layer) 
an mternal one, which adheres very strongly to the particle, and 
an external one, labile and composed of hydrogen ions (H ) if 
the mternal layer is of negative charge, or of hydroxyl ions (OH") 
if the mternal layer is of posiUve charge. The particles as such 



Fig 6 Spieror’i ob}«ctiT« aod cardioid c-rmr^wn^T for darkSftld worl: ob 

lecti e / frctrtal leru o£ the obiectire m, «l\er mirro CSpaerer) rr raj» reflected 
Cram the mir rcw c, ccxergleM / materul to be obbI} ed, g tlide c, unlioifl cod 
daraar d, fixed diaphragm, a, apertiire of 1 5 «rmn- for bght directed to the Spiarer i 
lam (d ) opannig for the raj* which go to the carditad coDdemer (c ) (After 
SeiCnx ) 

may therefore be neutroL II, hov^evcr an electnc current passes 
through the colloidal solution, the particles with their strongly 
adhering layer shp out from the eirtemal layer and wander to- 
ward the anode or the cathode, according to the internal charge. 
In the case of gold suspensions, the internal negative layer is 
surrounded by a positive shell of hytirogen ions If the particles 
of colloidal gold are separated by a sufficient distance (i.e greater 
than the diameter of the particle) tliere is no strong electrical 
influence everted between them but if by action of brownian 
movement they approach each other closely the outer layers 
of the same sign cause the particles to be repelled. In tbi< way 
an agglomeration of the particles can be prevented. If the size 
of the particles is sufficiently small, they may he sufficiently 
moved by the bombardment of the molecules of the solvent to 
cause the suspension to remam stable for an extremely long 
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time. This labile electrical cliorgo, represented by the Mta poten 
tiaL, tlicrcforo plays an important role m the stability of colloids, 
particularly tho hydrophobic colloids In many colloidal systems 
there are likewise attractive forces between particles winch may 
tend to cause aggregation and to compheate tlie picture. 

Although the size of the colloidal particles is of great im 
portance, this docs not signify tliat they aro necessarily composed 
of aggregates of atoms, os m tho case of colloidal gold or of 
aggregates of molecules There are, for instance, protem mole- 
cules of such large size tliat tlic dimensions of a smglo one fall 
withm the range of colloidal particles and, when dispersed in 
water, tho solutions show the characteristics of colloidal systems 

One can list eight kinds of colloidal systems They aro shown 
in Table V along with typical examples of each 


TABLE V 

Ttpb or CoLtiMaAi. STmaii 


of faynteni 

rjuinrio 

Dupemd I’lrtw 

Dupenios n»a* 

1 Liqoklj la Uqaldj (naolnou) 

Milk 

r t 

Water 

2 6oLd la bqo d 

Gold «ol 

Gotd 

Water 

c IT}dropbah»c (fTup«iiM[di) 
b B}dropbtlK (twalvidt) 


Pfotein 

Water 

S SoGd ia nltd 

Itol jr gi^ts 

Gold 

Glia 

4 liqtild fa aoltd 

PnriM 

Uairr 

Caldam carbcoal 

5 Liqmd la 

To* 

Water 

Air 

6 Solid la fu 

Smoke 

Carbon 

Mr 

7 Gu la poLd 

Cliarcool 

Air 

Cajdxn 

0 Gu In nqakl 

room 

Air 

Water 


Of these eight types of colloidal systems, the ones of principal 
biological importance arc tlio emulsions (Table V 1) and omul 
soids (Table V 2b) The suspcnsoids have been described as ex 
amplcs m the general considoretion of the colloids. 

The most important characteristic of the emulsions is that, 
although both phases are liquids tlio dispersed phase does not 
mix with the dispersion medium. For this reason they arc called 
lyophobic colloids To this group belong tho mixtures of oIU 
and fats m water as well as water lu oils, and so forth. They arc 
much more compheated thon they appear to be, because m order 
to mam tarn the hydrophobic particle* m suspension, the presence 
of a stabilizing agent is usually necessary These stabilizers are 
principally hydrophilic particles which form a film around the 
hydrophobic particles, thus constituting a layer with affimty for 
tho solvent (for example, gelatm solution added to an oil water 
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syrtem) Jacques Loeb who studied the mechanism of the phe- 
nomenon, called such substances protecti\e coUoids Such 
emulsions are found in protoplasm when small droplets of oil or 
fat become suspended in an aqueous phase, stabilized by a pro- 
tective colloid. They can sometimes bo seen with the ultranucro- 
5 cope. For example, fine particles called chylormcrons are seen m 
blood p1n<mfl after meals (Ludlum, Taft and Nugent) If, for any 
cause, the protective mechanism of the colloid system docs not 
work properly, the dispersed phase may aggregate. The forma 
bon of gallstones is supposed to be due to such a phenomenon 

Emulsoids are important colloids from a biological point of 
view In the emulsoids, unlike the suspensoids there is a mutual 
attracbon between the two phases To this group belong for m 
stance, all the prolcm suspensions m water as well as those of 
some carbohydrates A typical «ycample of such a colloid is a 
solution of agar-agar m water The molecules of water penetrate 
between the molecules of agar-agar causmg a s\vellmg of the 
latter By adding successively more and more water a colloidal 
solubon IS finally obtained m which the dispersed phase is com 
posed of hydrated parbcles of agar agar Smee m this case the 
dispersing liquid is water and there is an afihu iy to take it up, 
su(i coBoids are called hydrophilic, m contrast to the hydrth 
phobic. Hydrophilic colloids arc much more stable than the 
hydrophobic ones This stabihty is attributable m part to the 
electnc charges on the parbcles and m part to the attracbve 
acbon of the dispersing medium, whicli forms a kmd of a halo of 
water (called the layer of solvabon of hvdrnbon) around the 
parbcles 

In this layer the water molecules are oriented and polarized 
by the electrical charge of the particle At the isoelectric point, 
the charge of the parbcle may be at a minimum, whereupon the 
layer of solvabon will also be reduced to a raininmm and pre- 
cipitabon may occur On the other hand, at a pH far from the 
isoelectric pomt the charge is usually greater and the shell of 
oriented water molecules is larger (Fig 7) Between the oriented 
bound water molecules and the free ones there is a conbuuous 
gradabon as the forces bmding them to the parbcle decrease ex 
ponenbally with the distance Because of this gradabon m many 
hvdrophiiic colloids, no real mterfacc between the parbcles and 
the dispersmg medium exists, and the stabUity of the sjTtem 
15 great. In protoplasm many substances are hydrophilic and are 

, dectnc*! diargei tn arranged aiymmetncallj- m fpaca. 

icrm^ a dipola, due* tha two ponttra Imlrogem ara aeparaled from the diPoila 
nagattre axjgen (Fig. T) 
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found m this type of coUoidal state. As mentioned already, the 
most common substances in tins category are certam cai^hy 
drates and proteins 









// 






Fig. 7 L^ftf znodfri and dipola dUgram of a ^ratof molecnie. MiiJU dlafnii] 
of tha h^dratMD of a coUcuda! [urtkfa at iho laoeleclnc point. Righl hjdnitHn of ■ 
pojitirelj- cibargad cojfofdal partWa. (Fnam Fray W3«Ilng' Bight titer PaUmaos) 


Coocervotes 

We liavc seen tliat tlicrc ore l\vo factors— -clcctncal cliarge 
of the particle and soh'ation lojcr — wlucJi tend to stabilixo emuJ 
soids Wlien one or boUi of tlieso factors are changed, particiM 
tend to coalesce and to form wlial u called a coacervata* 

CoaccrvBtcs arc classiCcd as simple or complex (Dungenberg 
do Jong) Simple ctxiccrvalcs result from the removal of water 
from tlic layer of sohTition bj a substance in moloailor dispersion 
or by anotlicr hydrophibc colloid of the same cliargc. Among the 
water rGmo\nng agents, ahphotic alcohols or acetone is generally 
used. As tlio sohation layer diminishes it becomes less diffuse 
and tlic boundary between bound and free water becomes more 
marked Tlio surface energy whicli was before at a mmiraum now 
mcrcascs, and tlio water shells coalesce bringing tlic particles 
close together m a condensed system (Fig 8) In tlie coaccrvatc 
the solvation layers arc fused but tlic particles are still separate 



OstcermtiaD Actrvus^ bMp or »w»nn} with tb« (tosttber) 

Betnoen ct»cen«fioo «nd ffooculatfoo tb*r* £■ otdj t di/Terenc* of aegree 
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from one another The dispersion medium separatmg from the 
coacervnte is called equihbnum medium 

Complex coaccrvatcs result from the action of polyvalent ions 
(Le., CaCU) or from the mleracUon of tuo hjdroplulic colloids 
of opposite charge (lc-, gelatin and gum arabic') This last tj^ie 
of coaccrvate seems of great importance m biological systems 
smce colloidal sj stems of opposite sign are frequently found m 
protoplasm- So for example, basic proteins (vnth an isoelectric 
pomt above pH 7) like histones and protammes, may form 
complex coacervates wTth aad proteins, nucleic acid, phosphatids, 
chondroitm-sulfunc acid and so forth- 

Coacervates may show morphological appearances rcsemblmg 
certam cellular mclusions or oiganoids like vacuoles, lipid drop- 
lets, chondnosoraes, or Golgi apparatus and the theory of coacer 
vation can be used to some extent to explam the formation of sucli 
mtercellular entities (see Chapter V) 

TacJolds 

Tactoids are another type of colloidal structure resulting from 
the mteraction betiveen particles (Zocher) Under tlie polanzmg 
microscope (see Chapter TV) tacloids appear as spmdle shaped 
bodies ^^hlch show mtense birefringence. This phenomenon in 
dicates that tactoids are built of elongated particles onented along 
their mam axis One of the best examples of tactoids m biological 
material is represented b) the tobacco mosaic virus (T^TV) The 
elongated virus partides (Fig 1) may pack together and orient 
themselves to form tactoids (Bernal and Frankuchen) The dis- 
tance between the particles is very constant and m TIsTN^ may 
range between 150 A and 300 A, according to the salt concentra 
bon- However m other kinds of tactoids it may reach up to 
5000 A- This large mterparbcle distance maj mdicate the acbon 
of long range forces (see Chapter IV) 

Tactoids can be considered as a special kmd of coaccrvate 
with amsodiametnc particles As in the case of coacervates, 
tactoids haie also been compared with some cellular structures 
hke the spmdle, and a role m cellular processes has been claimed 
(Bernal) 

Gels 

Hydrophilic colloids m concentrated solubous may show 
mechamcal properties (viscosity elasbaty tensile strength, and 
the bke) which differ from those found at lower concentrabons. 
In the first case, the colloid forms a gel while m the second it is 
called a ro? A typical example is that of gelatm which forms a 
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liquid solution (sol) by dissolving in hot water, but when allowed 
to cool o£F may form a highly viscous and elastic geL Many other 
protems, certain polysaccliandes and other polymen may like- 
wise form gels when dissolved m the proper concentration. 

Gels arc frequently bquefied (transformed mto sols) by 
changes m temperaturo (sucli os in llio case of golatm) pH, salt 
concentration, pressure and so fortli This change, called solation^ 
may sometimes be reversed ogam by rcmovmg the factor in- 
volved. In tins case a gelation takes place. 

To cxplam the mcclionical properties of gels one has to sup- 
pose the presence of a marked mtcroction between tlio dispersed 
coUoidal particles Sucli an mlcraclion can take place m tlie case 
of spheroidal particles, but in tliat cose a liigh concentration u 
necessary In contrast, elongated particles of molorular c h a in s 
can mtcrnct c\cn at low concentrations (Fig 9 a) 



Wynling.) 

It IS now known that most of the gels arc formed by long 
polymer chains whicli form a kmd of three dimensional network 
or spongework or Tirusiilicap by means of attractive forces at 
the points of mtersection of the chains. The shapes of polymeric 
particles can often be ascertnmed indirectly by means of visc^ty 
studies, doterramation of bircfnngence of Dow diffusion, sem 
mentation, or directly by electron microscopy Figures 126 and 13o 
show the shape and size of the particles m the case of sodium 
hyaluronato and actm gels The first sliows branched filaments, 
while the second shows very long straight particles This 
figure shorn a typical solation of a gel by changing the pH, 
filaments arc broken down into short rod shaped partides^ 

The bonds mvolved m cross linkages may vary from ojvalen 
or salt linkages to hydrogen bonds and van der Waal forces- 
The varying stren gth of these bonds, together \vith characteristics 
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of the particles, may explain the stability of cei-tam gels and 
the easily reversible character of others For example, gels formed 
by three dimensional polymers with branched chains, may be 
very stable suid irre\ ersible. On the other hand- gels depending 
on hydrogen bonds or van der Waal forces, or made up of particles 
which maj change m lemg^th, are less stable and arc easily 
reverted to sols Because chambke particles are generally of 
molecular dimensions, gels really form a monophasic system in 
which water is contamed m the spaces of the framework. For 
tliK reason gels are generally optically homogeneous and show 
no Tyndall effect. This particular disposition of the water m 
relation to the framework of particles explains whj colloids 
containmg 80 to 90 per cent or even more of water may form gels 

In a gel, particles are generally oriented at random so that 
the gel 13 isotropic. However m some cases, particularly under 
the influence of stress, the particles may tend to become prefer 
entiallj oriented parallel to each other and to render the medium 
anisotropic. "When tlus process is more advanced, tlie formation of 
crystallme regions mside the gel may take place, (Fig 9 b) 
T^ process of crj-stal formation is particularly important in the 
morphogenesis of some cellular and intercellular structures (See 
Chapter W ) 

Some reversible gels may show a phenomenon of reversible 
solation-gelation vntli strituig changes in viscosity under the 
influence of mcchamcal forces This attribute is called thixotropy* 
and IS seen, for example, m certam pamts which become less 
VISCOUS when agitated with a brush but again more viscous when 
left standing The forces acting between the particles and causing 
the phenomenon of thixotropy are not well known. Apparently 
thixotropic gels are closely related to coacervates end tactoi^ 
and may depend on long range forces (Freundhcli) The asym 
metry of tlie particles, the electrolyte content of the dispersion 
phase, pH and temperature are also important in tlus process. 

Protoplasm can be considered to be a heterogeneous colloidal 
system made of a framework of filaments, membranes, micro- 
somes, and so forth, which are dispersed m a watery medium 
The components of this framework arc long molecular chains or 
molecular aggregates called micelles f and the cross linkages 
between the micelles are supposed to change constantly according 
to local metabohe changes (Seifnz, Frey Wysshng) In several 
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chapters of this book examples of tlic behavior of protoplasm 
as a thixotropic gel vnll be described Hero ^vc will mention only 
the action of hydrostatic pressures on tlio protoplasmic gcl of the 
cclL When moderate hydrostatic pressures (5000 pounds per 
square inch) arc applied to cells, a group of physiological activi 
ties which are related to tolatioD7=^ gelation changes of the 
plasma gel, like cyclosis ameboid movement, cell division and 
migration of pigment in chromatophorcs, arc completely m 
lubitedL This inhibition is due to the degree of solation which the 
pressure mduccs in the plasraagcl system (Marsland) 

Another property of gcU is their contraciiUty On contractmg, 
gels expel a part of the liquid phase along witli the disol\-ed sub- 
stances in the latter Tins rallicr common process is called 
syneresis Typical examples of synercsis arc the expulsion of 
water produced by the retraction of the coagulum of milk, or 
the extrusion of serum from clotted blood Some auUiors suppose 
that tliQ mechanism of cellular sccnslion is due to tlio contraction 
of the protoplasmic goL 

Protoplasm has the property of absorbmg and chmmating 
water This might bo, along witli oUicr factors, a reason for its 
continuous changes of viscosity If for instance, an ameba is ob- 
served with the ultramicroscopc, tJic broNvnian movement of the 
colloidal particles in its body is cosily distmguisbablc. This move- 
ment IS somcUrocs rapid, sometimes slow or it may stop Sudi 
behavior indicates changes m tlio viscosity of the protoplasm 
According to W H Lewis (lf>42) omcboid locomotion depends, 
among other things, upon Uio local changes of viscosity gd 
layer into fluid or semifluid endoplasm, and endoplasm into gel 
layer (Sec Qiaptcr XI ) It lios also been stated that, in cell 
division and cleavage, there arc continuous cliangcs in viscosity 

The absorption and loss of water from the protoplasm has 
a great significance m vital processes Thus m muscular con 
traction, tlicrc is probably a change m water distribution inside 
the fiber The motion of many plant cells is, m all probability 
due to simflar causes For tlicsc reasons a deeper knowlcd^ o 
the mochonism of solation gelation and otiior phenomena 
to it will have great importance for a better imdcrstandmg of the 
processes of life. 
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Chapter III 

MORPHOLOGICAL ORGANIZATION OF THE CELL 


In Chapter I u-e descnbed the cell or protoplast as a small mass of 
protoplasm \vith a nucleus, surround^ by the plasma membrane. 
The protoplasm which envelops the nucleus is called, m general, 
cytoplasm and in the case of each particular cell, cytosame 
(Fig 10) 



Fig 10 Phot om ioognph ot an oro c yt e of ■ TnaromjL Eiminplj 
TolnmiDoai cell (cowpere it witb the fin of tte p ir ro iind aic fidhcoUr ctfli) 
a clear mrcnlar nuclein prorwled with a nndeoltn, chroniatja fUM mtoO 
harjotbeca or nnclear membrane:. Tba cytnplaim u pmralar and i# *tUTou nJed ^ 
a thKt membrane (pellood) titucfa u not the Ima plaama mambraoe. Hematoijim 
and eom. 

In a multicellular oi^anism the cells have a form a^ 
structure which is extremely varied, conditioned principally by 
the adaptation to the specific function which they carry out m 
the different tissues and organs The functional specialization, 
which results from the division of labor causes the cells to ac 
quire special characteristics in each case but always some a 
tributes persist ^^hlch are common to all of them. Th^ geno^ 
characteristics, which aro those treated preferentially m 
book, ran be found m cells but little differentiated, such as ® 
blastomeres, or gcrmmativo cells, and also in cells ® 
tively simple organisation, such as those of the epithehinn 
of the connective tissue. 

it 
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The study of cellular morphology can be made in direct form 
m the hving organism or immediately after isolation of the cells 
This IS the vrunediate examination, which may be intal or mpra 
vital The tissues may be also submitted to speaal procedures 
which kill the ceU and preserve its morphology and composition- 
This IS the mediate examination or postfixation examination 
The vital or supravital examination is applied to free cells 
TTt a hquid medium, to cells isolated from fragments of tissue, 
to transparent cellular membranes, to transparent animals or 
parts of transparent (larvae of urodeles) and even to 

opaque organs In the last cases, there have been perfected a senes 
of biomicroscopic procedures, such as grafts in the antenor cha m 
ber of the eye, transparent chambers which are installed m the ear 
of the rabbit (Sandison-Clark) the epicondensor and lUumina 
Uon with quartx rods (Kniscly) whi(i have extended consider 
ably the fi^d of vital observation of cells and tissues 

The TTiflin difficulty in biomicroscopy arises from the fact 
that the different parts of the hvmg cell generally do not absorb 
visible light (see Chapter \TI) Although the differences m the 
index of refraction of vanous structures may be sufficient to pro- 
duce phasic changes these cannot be appreciated by an ordinary 
microscope. The result is that living structures show very httle 
contrast and hence are difficult to see under the miscroscope. In 
recent years this problem has been partially overcome by the use 
of methods m which contrast is increased by special optic^ means 
In one of these methods, the phase contrast microscopy (‘Zemike) 
phase differences of the vanous structures are converted mto 
differences in ampUtude appreciable to the eye For this reason, 
phase contrast microscopy is a valuable tool m the observation of 
hvmg cells "UTth this method the nucleus, the nucleolus, the 
chromosomes and, m certam cdls, even the Golgi apparatus can 
be clearly seen and photographed because of the mcreased contrast 
obtamed. 


One of the methods which permits us to observe the cells, not 
only in a state of mere survival but imder more favorable condi 
tions, and also to follow thenr development is tissue culture, 
ongmated by Hamson and developed by CarreL This tech 


mque consists m cxplanting small portions of different tissues, 
preferably embryonic, m a suitable medium, where the cells can 
adapt themselves and grow m an autonomous form. One generally 
lakes small pieces or parts of the embryo chick (or other tissue) 
and places them m a medium consisting of one drop of plasma 
and another of embryomc ]uicc, which is deposited on the surface 
of a coverglass Then this is inverted on a special shde, provided 
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With an excavation, and is bordered vnth parofEru In thu closed 
chamber, which should be perfectly aseptic and maintained in an 
incubator at the temperature of the animal body, the cfills have 
the nutritive elements and the oxygen neecssarj for their develop- 
ment 

The cells grow and spread over tJio coagulum of plasma and 
pass out from the cxplant to form the zona of growth which, by 
its thinness lends itsidi admirably to tlic vital observation of the 
cells (Fig 11) 







morphological organization of the cell 

nudeus, there is found the karyotheca or nuclear membr^ 
which IS generally visible mth a darkficld microscope as a fine 
hmitmg Ime (Fig 12) 



Fi( 12 Coanacti e tiane cdii culUTaled m Mtro. ^ltBl obwrMUon m daiUield 
The nuclear mambraoe, oucIeoU, cbondnoMmM and diDpleU of fat are teen. (Fran 
Strencenaj* and Canti 1 


Plasma Membrane 

The surface of Uie cytosorac is considered to be surrounded by 
a plasma membrane \\hich is mvolvcd m the regulation of the 
permeability of tlie celL Tins membrane is an essential attribute 
of every protoplast and is found even in protoplasmic masses such 
as bacteria and Cymiophyccae, the cellular nature of ^vhich is 
open to question Although it has been demonstrated \Mth special 
apparatus (such as the leptoscope. Chapter VI) in tlie case of the 
erythrocyte, it is in general invisible with the microscope Its 
t h ickness was foimd to be about 0 010 p, and thus is below the 
limit of microscopic resolution The plasma membrane of the cry 
throcyte has also been studied by means of the electron microscope 
(Wolper) 

In Chapter VI ^ve shall study m eirtcnso the constitution 
and properties of this specialized part of the cytosome here we 
shall only say that it appears to be composed of brmolecular 
layers of hpids, oriented perpendicularly to the surface, beUvoen 
which are found flat layers of protom molecules of an extended 
shape. 

This membrane, of such dehcatc structure, lacks a strong 
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mechanical resistance, for wlucli reason it is reinforced externally 
by others more coarse and resistant These are the membranej 
which are m general visible to tlic microscope and which should 
not be confus^ with the plasma membrane, winch is invisible. 

In the» external layen tbs carbohydrmta appear to b« one of the emctkl 
compemenU. Indeed, abont the eggt of manne animalx, fucb us tbe *e« mdib, 
gutropodi, wanni, and thoM of amphibia, there ii u gelitinons nbrtinct, muefn, 
which b a glrcoprotoin. A tmular protein conjn^ted wnh an amino fufftr polyoMr h 
found cajipiDC and protecting the celU of the gsstro-lntestlnil tract. Other modlSed 
caihohydrstee are pectin and cuUulot* of the membrenee of plant cell* and c/iftfn 
of the Crurtacea. 

In the epace ilnuted between the membranes of diilemt celli of the h i t he 
rertebratot, there appear to exiit gl> coprotems in addition to nmple protemt. Tb* 
adbesMm between the cells of kidner eidthaliinn, of the endothelhim of tbs 
capOlarT- and other cells, appear to dopond on a cementing snbstance prodneed br 
the calls which reqoiros the preseztee of caldnm ionJ (Qjambera-Zweifach) Recoil 
stodies demonstrate that cimplj bj the addition of small quantitiea of histone^ tbs 
rad calls adben in mutta which resemble eplthoUa, moriilai, and so forth. Ths 
denxmstrates the tTw»g}mTilrr«1 tod morphogCDetk importance of these protesn Chni 
dtoated cutsida of the plasma membrane (Schmitt) 

Cytoplasm 

Cytoplasm appears as a translucent, structureless, homogene- 
ous substance, optically empty to the liltranucroscopc, in which 
arc foimd rofractilc bo^cs of vTuying sue (Fig 12) The homo- 
geneous mass Itself is called tlie jwidwnerUaly or basic^ or ground 
cytoplasm, and also cy'toplasrmc matrix^ or hyaloplasm- Fre- 
quently tlie more i>enphoral layer of tlio cytoplasm, the ecio- 
plasm IS relatively more rigid and is laclnng m granules. Thu 
zone often behaves as a thixotropic gel, that is, a colloid con 
tainmg large molecules which has the property of imdergoing 
reversible changes of gelation and soloUon- Tliis thixotropic trans 
formation, which is very evident is amebae durmg the extension 
of the pscudopods, os m reality a general mechanism whi^ 
found in every cell (Faur^-Fremiet) The mtemal cytoplwm 
or endoplasm has a lesser viscosity but always higher than that 
of water (tV7o to ton times) 

If the eggs of tho soa urclim arc subxmttod to an 
and prolonged centrifugation, the different components of 
endoplasm become stratified in accordance with their densitiw 
and tho ground cytoplasm is separated from the other componen 

(Fig 13) The egg IS first elongated and next becomes constnet^ 

m the central part. In tho ccntnpotal polo there are accumula 
tho drops of fat there follow a clear and vndo zone, tlie cy 
plasimc matrix, whicli contams tho nucleus a lay^oc^P 
by the mitochondna anotliCT* vratli yolk bodies and , 

the centrifugal pole, granules of pigment It is interesting a 



47 


morphological orgai^txatiois of the cell 

most penpheral la\cr o£ the cytoplasm, or the cortex, is not dis- 
placed hy the centnIogaUon, a fact -which is due to its greater 
Tucosity and ngidity This last property appears to depend on 
the presence of the calcium ions, smce the cortex hquefies when 
eggs are treated ssith an oxalate (Heilbriinn) 



Fi^ 13 S«M urclitn (Arbuia) to the ectiGB of force. 

The egg Im eloogited end u m the preeeie of bong dinded mto t^o helro. The 
ceThiler metenelt becocie ctntiEed (eee the detcnpboD m the text) (Courtesy 
of CoeteHg) 

All the modificatioiis produced in the eggs of the sea urchm 
and m other cells by the influence of centrifugal force vrhich 
proceed up to the complete stratification of then- components can 
be followed imder the microscope by mating use of tlie apparatus 
originated by R B Harvey in w^ch centnfugatioii is effected 
exactly m the focal plane of a compound microscope 

We have seen that in tlic midst of the protoplasmic matrix 
there is a senes of bodies or parbcles of varying size which are 
distinguished by their greater degree of refractivity Among 
these are found the chondnosomes, which appear as spherical 
bodies (rmtochondna) or elongated m the form of a rod or fila 
ment {chondnoconU) which, because they are constant and 
essential elements of the cells, are mcluded m the category of 
the organoids (Chapter V Fig 12) There are also smaller bodies 
(microsomej) which have been isolated very recently by ultra 
centrifugation and which, although they are at trmes visible, m 
general are of submicroscopic dimensions (see Chapter 

Other bodies which can be observed with the immediate ex 
amination are different mclusions, such as drops of fat, which are 
recognized by then: refractile properties, -Nolh bodies, pigment. 
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secretion granules, and so forth (Fig 12) The raajonty of these 
particles arc material clolwrated fay the protoplasm, constitiitin^ 
m tlieir entirety tho deutoplasm^ or paraplasm. 

In plant cells plastids of various types arc found. Among these 
arc the chloroplasts whicli contnm a green pigment, the chloro- 
phyll, the function of whicli is photosynthesis a process of im 
menso importance in tlie biological \\orld In addition there are 
the leucoplasts or colorless plosUds, wlucli under certam condi 
tions can be comerted into chloroplasts or mto plastids of otlicr 
colors (cliromoplasts) or store up starch (amjloplasts) or oils, 
or perform otlior funebons 

Both m animal and plont cells, but more commonly m the 
latter there ma> be found vacuoles of fluid content, surrounded 
by a membrane Wlicn vacuoles, plastids, or mitocJiondna arc 
isolated from tlic cell, tlicy expand or shrink in accordance vnth 
changes of osmotic pressure, obeying tlic low of Bojlc-Manotte. 
These phenomena might depend on tlic existence of interface 
membranes whicli regulate tlic osmotic mtcrcliongcs 

Tlicsc bodies will bo described in detail in Qiaptcr V Here 
wo shall occupj ourselves wiUi further study of tlie diaractcnstics 
of the basic c^oplasm or cytoplasmic matrix which is, m rcahty 
the most iroportont part of cytosomo A great jiort of tlio knowl 
edge of the properties of tlic matrix of 3ic living cell is duo to 
the employment of tlic technique of micromanipulalion or ttu 
crosurgery This mcUiod had its origin in llic field of bacteriology 
(Schouten, Barber) ^^hc^c fino raicropipcttcs were employed to 
isolate microbes and to transport tlicm to culture media Kite 
appbed this metliod for tlio first time in tlic domain of cytolop' 
and m 1911 interposed a micronccdlc between tlic tW“o pronuclci 
of a recently fertilized egg and observed tliat tlicy acted as ii 
attemptmg to overcome tlic interposed resistance and complete 
their conpjgation 

Microsurgery consists in tho introduction into tlio cells and 
tissues of raicropipettcs, micronccdlcs, microclcctrodcs, micro- 
thermocouples, and so fortli, wjtli tlio aid of spcaal appora^ 
v?hich permits tlie controlled movement of tlicsc instruments m 
various directions under tlic field of o compound microscope 
With tins instrument one can carry out (1) the dissection o 
parts of cells (2) extraction of parts of cells or tissues (3) tnc 
mjcction of substances and (4) the mcasimimcnt of clcctnca 
variables (Fig 14) . 

On penetrating with a micronccdlo into the cytoplasm ° ® 
cdl, one can rccogmzo that tho peripheral part has a demser 
consistency and, further that the diffcroDt visible structures have 
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a differmg stabOity Tlius tlie nutochondna or the fibnUae can 
be displaced mthout being altered, but the aster disappears if 
displaced The fundamental cj-toplasm behaves hie a reversible 
sol-gel coUoidal s)-stem. By the niechamcal action of the needle 
one can produce a rapid gelation on the part of the cytoplasm 
or of the nucleus uhich generally is reversible (thixotropic re- 
action) or mdeed, gehSed zones can be transformed mto sols 
of liquid consistencj 



14 'MsTosumpalaUfta of ChAmbcn A uvi B 'nhidi 

iQOT# the microoeedlct in th* boruontal pbrne* C lorw for rertical m or em ent, F 
EDOut dumber ^ere the or th* tucoa u located and Trhtre the nncitxliiMCtioi] 
ti c*ni«d oqL end J s> nng« for imcTtnn)cctian. 

Thu method h ooe of thoce which pc imi t * ns better to demonxtnte the exuttsc* 
of • pUsma membrane that regulate* the mterchanges of th* pnjtoplasti vrith th* 
medium, althoa^ h li not Ttnble to the nucrta cope. Thn*, if a material, 

which becauM of h* molecular fixa cannot croM the mamhran*, u mjectad, it 
diffiue* thrmgh all the c>taplasm, but remain* ermtamaH m it* mtenor by th* 
bamar fo r med by th* plaim* membrao* (Chamber*) If, with a mlomeedla, cna 
braaki the superficial la\*r of protoplasm (plasma memhrant) the behanor of tbi* 
r*n«* according to the ertat and rapidity with which the lesiOD i* prodneed. If 
th* destruction i* of small axtent, it u repaired with f dlitr aTv( tha plasma 
metnbeane u recwntructed. In tha case of more drastic rojnry the mdoplatm ma> 
flow to th# ontsida, whereupon th* cell Hi** 

An mgemoos method to stDd> thb auperfiaal cortex of cytopI*im consists m 
bringing clo«« to a cell a micropip«tte loaded with oil and then expelling a fmatl 
until thi* a placed m contact with the surface of th* celL Th* cell aTrsI 
the oU behare like two drops of liquid m contact and there Is produced a pbwirww^rwzn 
of coalcscanc* by which the dr^ of cal i* rapidly mcorporated m the cslInlT 
This met h od permit* cm* to denmnstrat# the enstenc* of ♦Tzg^zstrl 
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n|;Uitj cm tbe nnfftc* of tha cjtoplacn, which rmriet in dilTerait functlaiul ititei 
or thrm^ the ectko of different fecton. Indeed, the greeter or leeter feohtj mik 
nhich the coeletcence U produced depcndi on the eurfece teniioQ In the weter-ofl 
mterface end on the diemeter of tbe drop, end the potentuU ene rg/ of the oil wwii 
be greeter than that of the cuperCoel cjtoplasm in order that coaleecdce nuf ba 
produced (Kopec) 

The injection of pH indicators, the color of which changes 
with the concentration of liydrogcn ions m tlic medium, per 
mits ns to determine the pH of llic cytoplasm and of the other 
parts of the cell It is not Jmown with ccrtamlj what is the phase 
which is vitally colored with the indicators, but probably it h 
the aqueous medium of dispersion. The qrtoplasnuc matrix has 
a weakly aad reaction (pH 6 7 to 6 9) which can bo better deter 
mined ^ter centrifugation of the cell but certam vacuoles of the 
cytoplasm can have as low a pH os 5 0 

Characteristic of the protoplasm is its buffering power The 
pH of the cell con be altered bj the addition to the medium of 
aads or alkalis or by the injection of the same, but it rapidlj 
returns to its former value, as long ns the vitahty of tbe cell is 
not altered (Ries) 

The oxidation reduction potential (or reduemg abihty of the 
cytoplasm) can be dctcrmin^ by introducing mlo the cell certam 
djes which ha\c the property of clianging their color or of bemg 
decolorized when reduced by the cell Thiis property is of great 
importance because it depends on the partial pressure of oxygen 
of the medium, and on the concentration of enzyme systems and 
metabohtes which arc found in the cell Furthermore, it is an 
indication of the form m which chemical energy is used by tbe 
cell In the ameba, the oxidation reduction potential of the cyto- 
plasm IS approxmiately — 0.275 volts m anacrobiosis and +0 070 
volts m the presence of oxygen 

The basic cytoplasm appears to have a fundamental role m 
cellular metabolism although its fimctional modifications, owmg 
to the lack of visible structure, are difficult to follow under the 
microscope It is known that numerous cellular enzymes am 
located in the cytoplasmic matrix (see Chapter X) Thus, w 
peptidases (Holtcr) the oxidases and peroxidases are foimo 
chiefly in tlus part of the cytoplasm. Also here are found gluta 
thione, vitanim Q, ribonucleic aad, and so forth. 

Tha Nudeus 

On vital or supravital exammation, the nucleus appeart ^ 
a more refractive sphere included m the midst of the cytopl|^™ 
and separated from this by the karyotheca or nuclear membra^ 
(Fig 12) Its mtenor is, m general, homogeneous except for 
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presence of one or more refractive spherical bodies called nucleolL 
This aspect is not, howe^ er constant. In some cases the nucleus 
has a granular aspect, the granules bemg more or less abundant 
but Without visible connections In a third group, one can dis- 
tinguish nuclei m which the granules are united by hnes forming 
a type of reticulum (Martens) 

Under the ultramicroscope the nucleus appears optically 
empty but the nucleoli may be distinguished as luminous bodies 
(Fig 12) "With micromampulation it is demonstrated that some 
nuclei are denser thnn the cytoplasm and even can be eirtracted 
mtact with the micronccdle m other cases, when the nuclear 
membrane is perforated, a hquid material lloi« out of the nucleus, 
the nuclear sap or karyolymph. Under the microneedle the 
nuclear merabr^e behaves like a true morphological membrane 
and not as a simple mterface, for it opposes resistance to external 
pressure and can even become folded or wrinkled. Some authors 
consider it as a membrane of precipitation, produced m the 
nucleocj’toplasmic mterface. 

"When once the nucroneedle breaks through the membrane, 
It can be moved m the mtenor of the nucleus without encoimter 
mg resistance and the nucleolus can be displaced with ease. The 
mjury produced may provoke a localized gdation and even great 
changes which consist m the appearance of dense aggregates of 
material which are similar to the chromatic granules found m 
fixed matenak Similar modifications ore seen m cultured cells 
when they are submitted to the action of vapors of formol, acetic 
aad, ether and so forth If these factors act onlv a short time, 
the changes may be reversible and the nucleus may recover its 
normal aspect The problem of the existence of these structures m 
the living nucleus is of particular importance from the cytogenetic 
pomt of view m connection with the question of the contmmty 
or lack of contmmty of the chromosomes between two mitotic 
divisions (see Chapter "VTI) 

GENERAL MORPHOLOGY OF THE HXED CELL 
"UTiile the examination of hvmg cells offers few morphological 
details, with methods of fixation and coloration the aspect of the 
13 more complex and varied. Besides the structures that are 
olwerved m vivo which are more or less modified by fixation, 
otners are found which were not apparent before owmg to the 
®^®iilarity of their mdex of refraction with that of the rest of 
the cell. 

^e mterpretation of these structural aspects should be made 
caution, but not with excessive skepticism. Besides the ex 
s 
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amination of living cells, tlie cxnminQUon of fixed and colored 
cells IS indispensable in order to learn more about cellular 
structure Tlio two metliods do not exclude one another llicj arc 
mutuallj complementary 

It IS mteresUng in this respect to recall what has been tlic 
histoncal evolution of teclinical metliods of oxaminaliorL Up 
until tlio middle of tlic nmelccntli century observations were 
earned out almost exclusively on isolated cells, fmo membranes, 
dissociated matenal or material pressed between two slides, and 
so fortlu In contrast, in the second half of the century with the 
development of tlio metliods of fixation, tlio tecliniqucs of cm 
bedding and sectioning and staming witli different coloring ma 
tenals, tlie interest of tlio invcsligntors w'bs Iransfcrrcd to dead 
cells, m winch numerous details of stnicturc were discovered 
Dunng tins penod, tlicro appeared a senes of tliconcs whicli at 
tempt^ to mlcrprct the rtruclurc of protoplasm and, in general, 
of all the elements of tlie coll, on tlio basis of tlic aspect wlucli 
tlio cell allows after fixation and staining Tlicso tlieoncs todaj 
present only an histoncal interest The pnncipal ones are tlio 
flbnllar theory which considers protoplasm as constituted of fine 
fibnllac which nin tlirough a liomogenoous basic matenal tlw 
rcticiilar theory a vanant of tlio prcccdmg accordmg to wliicli 
tlio protoplasmic filaments ore umlcd mto a vast network tlio 
alveolar theory^ accordmg to whicli protoplasm is composed of a 
senes of alveolar spheres pressed togcllicr (alvcoh) so tliat they 
take an angular form, m tlic midst of a continuous phase, iho 
hyaloplasm tlic granular theory wlucli oflinns tliat in tlio midrt 
of a liomogencous suhsUmco Uicro exist granules, tho bioblasU 
of AltmanrL 

Toward the end of the century a wavo of skepticism spread 
among tlic mvesUgators os a consequence of the ^vork of risclicr 
and of Hardy Tlio former dcraonslratod tliat if different fixatives 
were made to act on liomogencous solutions of different proteins, 
sudi as albumosc, gelatin, egg albumin, or peptone, tliorc ap- 
peared filamentous, reticular spongy and granular structu^ 
whicli correspond exactly to Uioso observed in fixed cells. Tjic 
aspect of tlic coagulation, wlucli is produced by tlic action of tlic 
fixative, depends upon different factors, sucli os tho nature an 
concentration of the fixative, Uio nature (molecular size, degree 
of hydrophilia) and concentration of tlic pmtom and tlio tempera 
turo of tlie envuronment. . 

For his part. Hardy found that in gels fixed imdcr tens on 
there appeared fibrillar figures, which onentnted tlicmsclvcs o 
lo\ving tlie hnes of force, taking tlio aspect of asters, acliromo 
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spmdles. and so fortlL, formabons which appear in the cells in 
certain functional states Thiis^ if with a platmimi nng one 
supports a layer of gelatin and in the center of t his deposits a 
small drop of mercury as the fixatiie acts there appear radial 
fibnllae which run out from the point where the pressure is 
exerted- 

These investigations provoked a profound reaction. Some 
authors d«;suincd a nihilis t attitude with respect to the cellular 
structure and thouglit, imjusUfiabl} tliat all the details which 
appeared in the fixed preparations were artifacts of techmque. In 
general, the reaction was, ne\‘crthelcss, favorable and useful, be- 
cause it put the cylologists on guard against the errors of tech 
nique and caused a rcinval of llie study of living protoplasm In 
recent years, it has been recognized tliat many of the so-called 
artifacts of technique actuallv exist in the cell, that otliers are 
no more than the manifestation of molecular or micellar changes 
produced by the action of the fixative on the submicxoscopic 
structure of Uie cell (see Qiaptcr 1*^^® know] 

edge of the cellular structure results from the coordinated use of 
all of the methods of investigation 

Fbcation 

Fixation is essentially a method of preservation of the mor 
phology and the chomic^ composition of the celL The object of 
fixation IS to bring about the death of the cell m such a manner 
tliat the structure which the hving cell possessed is conserved 
ivith the minimal addition of artifacts Some methods, at the same 
time, attempt to raamtain as intact as possible the chemical 
coraposibon of the celL FLxabon has, tlien, two fundamental as- 
pects, one, cj'tomorphological and the other cytochemicaL 

e shall not treat here in detail tlie methods of fixabon em 
ployed in cytology For this purpose, tlic treatises of histological 
tocimique of Romcis, McQung Bensley and others should be 
consulted "We desire only to attempt a discussion of the problem 
of fixabon insofar as it concerns the morphology and chemistry 
of the celL 

The majority of fixab^es are aqueous hquids which act 
cssenbally upon the protem part of the celL The most important 
conclusion of the works earned out on the colloidal models 
(Fischer Hardy Butsclih) is that in fixabon there is a separabon 
of the solid phase (dispersed phase) of tlic colloid from the liquid 
(dispersing phase) and tliat the former precipitates in the form 
of granules, nets, Oakes, and so forth In selecting a cj^ological 
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fixatire one should seek that whicli precipitates the protems in 
the finest form and, if possible, m ultramicroscopic aggregalo, 
so tliat tlio aspect of tlic cell is not modified Particularly valuable 
m thu respect ore some fixatives (formaldehyde) which act ai 
polymenzmg agents os well os prccipitants 

Wlicn a piece of tissue is submei^cd m a fixing hqind, the 
death of the colls docs not occur m an instantaneous manner 
The fixative ponetmtes into tlie piece by diffusion from the 
periphery toward tlie center in such a manner that the most 
external cells are fixed moro rapidly and better than the central 
ones For tins reason, m every fixed tissue, there is always a 
gradient of fixation winch depends upon the penetrability of the 
fixative, Its progressive dilution with the liquid of tlie cells, ami 
the postmortem alterations winch occur m the cells due to 
anoxia, changes m the concentration of hj^lrogcn ions and cn 
zymatic action (autolysis) The rapidity %vilh which the Cxalirc 
pKmetrates docs not appear to depend so much on its coeffiaent of 
diffusibibty as on tlie protein bamcr of precipitation which » 
produced in the pcnphcral port of the piece Tlius, for cxaraplci 
^vlth osmic aad tlie precipitation is very fine and a dense mr® 
IS formed whicli acts os a barrier imp^ing furtlicr passage rf 
tlie fixative For this reason fixation witli osmic hquids is made 
with very thm pieces (0 5-1 0 mm ) 

Owing to tlie fact tliat tlie fixolivcs diffuse into the ccll^ 
currents arc produced m the latter wludi frequently displace the 
soluble components In Figure 15 one can see how an aqueous 
fixative modifies tlie distribution of cytoplasmic glycogen and its 
state of aggregation 

Besides d^lacmg tlie soluble substances, fixatives 
with greater or less mtensity Thus, tlio electrolytes, 
carbohydrates and c\cn some bpids, may leave tho cells by 
action of tho fixatives It lias been demonstrated that , 
to 14 per cent of mineral substances of tlio colls arc extracted y 
fixation (Poheard and Okkcls) 

On the other hand, fixation and later treatment produce 
shjvikagc of the piece. This has imp>ortanco since m interpreting 
the cytological images m fixed tissues one should always re 
member that the volume of the fixed cells is less than that w 
they had m tho laving state 

Rxotlon by Freezing and Drying 

From the analysis of tho process of fixation whicli wo 
made, it foUowrs that although fixation permits to some 
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the preservation of the ceU m its true morphological aspect it 
may produce comaderohle chemical modification- Hence it vras 
important to develop a procedure which n ould permit us to m 
vestigate the morphological structure and the distribution of the 
chermcal components with a minimum of modifications Such a 
techmque was conceived at the end of the past century (Alt 
maruL, 1890) hut was brought to practical use ordj recentlj 
(Gersh, 1932) 
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pracUcally to llio extraction of all of the water contained in the 
tissues except for a residue which is lightly bound (For more 
details on this technique consult tJic works of Gersh, Scott, Simp- 
son, Bcnslo> Dc Robcrtis ) 

Tlie advantages of tins mcUiod arc obvious. It docs not pro- 
duce shnnkage of tlio tissue the fixation is more or less homo- 
geneous in the entire thickness of the piece tlicrc is not an 
evtrartion of soluble substances tlio chemical composition is 
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maintained practically without change, and the structi^ ® 
general, is preserved, with very few modifications produoro ^ 
the ICC crystals (Fig. 16) Furtlicnnorc, ^vlth this method, 
cessation of the vital phenomena is almost instantaneous 
there is not time for the production of ^postmortem 
alteratioiis This rapiditj of fixation permits one to imp 
preserve cells at critical moments of their function such a* ^ 
the moment when kidncv cells are cxcrctmg colored malcn 
other substances (Gersli) or when thyroid cells are extrue 
colloid droplets into the follicular cavity (Fig 129) 
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The technique of frcezing-diymg of Altmann Gersh should 
be coimdered as an mtermedjary between the examination of 
fresh and fixed tissues We are not treating of a true fixaUon in 
the strict sense, because it lacks the characteristic of complete 
irreversibility Many of the cellular components arc preserved 
m the same soluble form as m the bving state. Thus tlie solubility 
of many protems, glycogen, salts, and so foiih, is preserved, a 
fact v?hich permits one to study the action of different solvents 
on the structure and composition of the cell, witli the advantage 
that the action of them is not hmited by the semipcrmeahlc bar 
ners %vhich are formed by the cell membranes of living cells 
In addition, certain enzyme systems are preserved wluch can 
continue acting when the hquid phase is added (proteolytic en 
zymes, glycogenolytic enzymes, and so forth) Recently it has 
been possible to demonstrate that fro 2 :en and dried liver cells 
mamtam the power to consume oxygen, although to a very re- 
duced extent (ace Chapter X) 

Structure of the Rxed Cell 

In the fixed cell, tlie same fundamental elements are dis 
tingiushcd (cytosome, nucleus and membrane) as m the hving 
In the evtosome, as well as in. tlie nucleus, a senes of formations 
can bo distinguished, some of wluch are visible m the immediate 
examination, but otlicrs are apparent only after an adequate 
fixation and stammg (Fig 18) 

In tlio cytosome, Uie most fundamental part, the cy'toplasmic 
mainx appears in the form of a precipitate, more or less fine 
according to tlic flxativ o used. With appropriate methods, one dis- 
tinguishes further a formed part composed of a senes of different 
formations, vvhidi are classified as organoids and inclusions ac 
cording to tlie constancy with which they are present and the 
importance vvhicli they have m the physiology of the cell. 

The organoids arc found m practically all cells To tlicm has 
been attnbuted tlie property of dividing and of perpetuating 
themselves and it is believed that they play an important role 
in tlic life of tlie cell In ammal cells they include tlic cltondnome 
tile Golgi apparatus and tlie cell center In plant cells are found, 
m addition, tlic plastids which play a very important role m 
melabohsm 

Tlicsc organoids will be studied extcnsiv cly in Chapter V Tlie 
chondnomc is constituted by the whole number of chondnosomes 
bodies of filamentous or granular form, visible in the fresh condi 
lion (Fig 12) and wlucli con be fixed by special metliods The 
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Golgi apparatus generally is seen as an irregular reticulmn 
situated around the nucleus (Fig 42) or in a localized part 
of tiie cell It is invisible in the majority of living cells, but can 
be demonstrated by osmic ond silver impregnation. The ceU 
center is on organoid related to cellular division which is com- 
posed of one or two httlo bodies {centriolcs) in the midst of a 
spherical mass, tlie microccntrum Durmg division the cell center 
reaches its maximal dcvclopmonL At tlic same time there appean 
about the microccntrum a dear gel like zone (centrospherg) 
from which there extend radiations (astrospliere) 


B 



Fig, 18 Dugnzn of *n uumit cdli A Golgi fl coll 

nacloolus; £, dmunonem*} F k&iyoKmo or false micleolus; O coll 
H pUtma membrmno (inTu{ble)| / cortical c^toplacmi J ploitldii K 
L, Tacnoloj M cellular mclunocis (drops of fat, and so forth) (From E. B 

In some specialized cells (nerve cells, gland colls) 
a substance disposed m the cytoplasmic matrix m a 
fibrillar form, or m large or small flakes This has special ^ 
mg properties which depend on certam chemical chamctcnsti 
It IS called the chromopfule chrormdial substance or 
plasm which, accordmg to some authors, should be considerca 
a special part of the basic cytoplasm. 
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In the differentiated cells one may encounter likewise a senes 
of formations, such as the tonofibnllae neurofibnllae and 
my'ofibnllae and ciIkl, wlucli are the product of a functional 
adaptation (differentiation) of the c^oplasm 

The inclusions or paraplasm comprise accumulations of ma 
tenal which are not constant but which are considered to be 
either ingested substances or as products elaborated bj the cell, 
or resulting from the destruction of substances (catalwlism) on 
the part of the cell Such inclusions are the drvps of fat the 
carbohydrates granules of protein^ pigment crystals and secretion 
granules (Fig 18) 

In the fixed nucleus one can distinguish (1) the Inmtmg 
nuclear membrane (2) a clear mass, the nuclear sap or karyo- 
lymph, which completely the nucleus and in which are 
foimd mcluded the other components (3) a senes of twisted and 
mterlaccd filaments, the chromonemata, which contam a sub- 
stance, chromatin, which stains mtenselj with certam coloring 
matters (frequently the chromonemata appear connected to- 
gether by fine filaments — the so-called hmn — which seem to form 
a reticulum) (4) m some nuclei there are found larger and 
denser flakes of chromatin situated m the chromonemata, the 
chromocenters or karyosomes also called false nucleoh or chro- 
matin nucleoli (5) one or more spherical bodies, the nucleoh 
which differ from the cliromocenters m their chemical com 
position and wluch can bo disUnguished with appropriate 
methods of stainmg (Fig 53) 

The cell membrane comprises the plasma membrane gen 
orally mvisiblc, and the external protective lajers 

Figure 18 is a diagram m which arc represented the different 
formations which can be seen m the cells when one utilizes a 
senes of mctliods of fixation and coloration 

In Chapters V VL, ^TI and XT! we sliall study m detail the 
organoids inclusions and differentmlionx of the cytoplasm, the 
cell membrane and the morphology and chemical composition of 
the nucleus. 

Form and Size of the Cell 

Tlicre exist cells which ha\e a I'onable form such as the 
Qmebac and leucocytes, and cells wrth a stable fomt, such as the 
tpermatozoids, infusoria, ciynlirocytes, cpilhehal cells and nerve 
ctUs Those latter liavc m o\cry cose a characteristic relatively 
fixed form which represents, in general, a specific character of 
the cell type. 
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The form of tlio cell dcjKinds in part upon the surface temkm 
and Viscosity of tlie protoplast, tlio meclmmcal action which the 
adjoining cells exert, the ngidity of tlic membrane and the 
functional adaptation. Many cells wlion isolated in a hqrad 
medium tend to toko a spherical form, obeying the laws of sur 
face tension. Tins is tlic case willi tlio leucocytes, which in the 
circulating blood arc spherical, but which by the influence of 
adequate stimuli can omit psoudopods (ameboid movement) and 
become complclelj irregular in shape. 

The cells of raonj plant and animal tissues have a polyhedral 
form, statistically more or less constant, which is detenmned 
pnnapally by rcaprocal pressures In tlicso coses, the ongmal 
sphcncol form is modified by contact witli the oilier cells, just as 
m the foam from soap cacli bubble is pressed by its neighbor*. 

Individual cells in a largo mass appear to behave like poly 
hedral sohds of minimal surface packed \vitliout mlcrsticcs. Al* 
tliough regular polyhedra of 4 G and 12 sides can be packed 
without interstices, tlio 14 sided polyhedron (or tctrakaidccalw- 
dron) satisfies most closely the conditions of minimal surface. 
The study of soap bubbles m foam by Plateau showed that tbe« 
conditions apply in such a system, and that tlio average bubble 
had fourteen sides It \vas later demonstrated tliat minimal fur 
face of packed tctrakaidecalicdra was aclucvcd, not by solids with 
planar faces (orthic polyhodra) but by solids with eight b® 
agonal nonplanor faces and six quadrilateral surfaces with curved 
edges (Lord Kelvin) Tlus ideal form is rarely encountered m 
colls, but reconstructions and countings of surfaces earned out on 
a considerable number of different animal and plant cells m 
appropnatc masses (Ixrwis) revealed an average figure very close 
to tliat of fourteen faces , 

The volume of tlic cell is variable and oscillates wthm brw 
limits In plants and m animals, cells ore found which arc visible 
to the naked eye and which possess a very great volume. Thu*i 
tlio eggs of certam birds may have a diameter of several 
limeters and arc composed, at least at first, of a single celL TIu* 
IS, nevertheless, the exception, tlio great majonty of cells being 
visible only >vith the microscope, thoir diameter measuring 
few thousandths of a milliraotcr (micra, m) The smallest c®ll* 
have a diameter of four micra (four one-thousands of a miiu* 
meter) In the tissues of the human body, if one excepts the 
cells, the volume vanes between 200 p* and 15 000 p* (Lcvi) 
general, the volume of tlio cell is fairly constant for any 
cell typo and independent of tlio siro of the individual 
example, the renal or hepatic cells of a bull, of a horse, or 
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a mouse hare an almost equal size. The differences in the total 
mass of the organ are due to the number and not to the volume 
of the cells {Dnesch s law o/ constant cellular volume) 
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Chapter IV 

SUBMICROSCOPIC ORGANIZATION OF THE CELL 

In the two preceding chapters we studied living matter or proto- 
plasm from the point of view of its chemical and physico- 
chemical composition and of its morphological organization. In 
the second chapter it was shown that hvmg matter is composed 
essentially of water organic substances (protems, lipids, and 
carbohydrates) and inorganic substances (mineral salts) dis- 
solved m the liquid phase or in a colloidal slate. In the third 
chapter it was explamed that living matter is subdivided into 
minute units, the cells, in which one distinguishes under the 
microscope a senes of components (cydosome, nucleus, mem 
brane) and different particles (mitochondria, mclusions, chro- 
monemata, nucleoli, and so on) 

These conclusions are the result of investigations employing 
various methods, including qualitative and quantitative bio- 
chemical analysis m one case and microscopic examination m the 
other applied to elements of very different dimensions (mole- 
cules on one hand and cells on the oUier) end, therefore, be- 
longmg to two distmct levels of organization 

Biochemical analysis has as a pomt of departure the destruc 
tion of all of the cellular structure. The tissues are triturated, 
eirtracted wth different soh-ents, di^sted, and so forth, imtil one 
has separated and obtained m an analyzablc state them fun 
damental components From such analyses, one can learn some- 
thing of tlie elemental molecular umts, but ordinarily one 
cannot determine the form in which the umts are associate and 
grouped to consUtuto the edifice of the cell On the other hand, 
cj'tological analysis is linuted by the resolving power of the 
microscope which is very far above molec ular dimensions (see 
below) 

In recent years, the construction of a bridge between these 
levels of knowledge has been mitaatcd. This has been due to 
the adaptation and the cmplojTnenl m biology of techmques de- 
rived from phj-sics and chemistry and to the breaking down of 
the bamors which previously separated tlicse sciences Below the 
structure visible to the micxoscope there exists a true organization 
of molecules and micelles m tlie different phases of the system 
vvhich comUtule protoplasm. 
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The knowledge of tins submicroscopic structure or uZfro- 
structure is of fundamental importance, since all the essential 
physicochemical transformations wlucli chamctcnzc vital pll^ 
noracna take place at tins level. Such transformations can, attunes, 
have a cytological expression, as for example, m the case of 
cellular division, m wliicli case Uic entire cell is modified, orm 
that of the changes wliicli occur in tlie Golgi apparatus and in 
the chondnome durmg tlic secretory cycle In otlicr cases, as 
m many metabolic processes, tliero arc no visible modifications of 
Uie microscopic structures, because tliosc processes take place ci 
clusively m the realm of Uic ultrastructurc Tims, for example, 
the phenomena of cellular respiration or tlie pcnetrlition of lom 
or molecules across the plasma membrano may give no manifesta 
bon visible to tlic microscope, but occur amidst the molecular 
arcliitccturo of tlic cell It may tlms be understood tliat a cell 
may undergo vanous functional and even palliological clianga 
without tlic occurrence of any cytological manifestabon visible to 
tlie microscope Wliilc slnclly speaking tlie determination of 
Ussuc ultrastructurc is o broncJi of morphology it is mtimately 
connected witli chemistry smcc it is csscnUally tlic roorpliology 
of tlic molecular complexes It is, furtlicrmorc, a subject of gr^ 
interest also to physiologists, for just os a knowledge of gross ^ 
microscopic anatomy was essential to tlic development of php 
lologj in tlio past, so m tlio modem era witli its great advances 
m the structural chemistry of complex biological substances, i 
knowledge of cellular and Ussuc ultrastructurc is fundaments 
m order to discover tlio mechanisms wluch imdcrho tissue and 
cell function (Schmitt) T,ikffwi«* it is important for cmhryolo^ 
because man\ morphogonclic phenomena may he based on m 
ficaUons of tlic ultrastructurc, and for genetics which has as one 
of Its aims tlic explanation of tlic raeclianism of chromosonio ^ 
Sion and tlie ascertaining of the molecular structure of tlie 
mosomo and of the genes 


Limits and Dimensions , 

To mterpret better the results of submicroscopic analys^ 
the basis of the methods employed it is necessary to note 
the lirmts which separate the two levels of organization an 
dimensions of the umts which compose tliem We have seen 
the cellular structures are measured m micro (m) Th® i 
scopic particles have dimensions very raucli smaller 
convenient the uUlizabon of other units of measurement i 
the millimicron (mp) which corresponds to the tliousan 
of a micron, and the Angstrdm unit (A) used part J 
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measure the T^'aveleng^lis of radiations. Tvhich corresponds to 0 1 of 
a mti, that is to saj one ten thousandth of a micron (Table TV 
Oiapter 11) 



Fig- 19 Conip*ruijn Ixt w e e n tha /Ittnmmwn oi molectilcs and of caQs with 
th# waraliai^tlii of Tanom ndiabom. (From A_ B. Hastmcs, T "ioimg and J 
B. Hoag.) 


In Figure 19 the dimensions of different cells, bacteria, 
viruses and molecules are indicated on a logarithmic scale Fur 
thermore, these dimensions are compared ivith the l^■a\ elength of 
various radiations The limit of nncroscopic vision depends di 
rectly upon the wavelength of the visible radiations of the solar 
spectrum which go from about 7500 A in the extreme red to 
about 3900 A m the violet. In actual practice, one can distinguish 
particles nhich liave a diameter as small as OJ25 \l, that is to 
sa} 2300 A, although the limit of deffnition m certam conditions 
IS somewhat below tbi< figure (sec page 68) In general, all the 
cytological structures, mitoebondna, centnoles, nucleoli and so 
forth, have dimensions larger than 0.25 p. but tliere are also 
observed particles which approach the lirmts of microscopic 
resolution, 

Rlost molecular dimensions are, on the other hand, verv far 
below tliesc limits Thus, a molecule of glucose has a diameter 
of only 5 A, so that one bilhon of these molecules would be neces- 
sary to mate up the smallest particle which attains the hmits 
of microscopic vision, and to form a mitochondnum there would 
be necessary one mil hon particles of the size of a protem molecule 
of 100 A. 

To Euramanze we can say that the resolving power of the 
compound microscope with visible light mails the limit betiveen 
the microscopic and the subimcroscopic, or between the micro- 
scopic structure and the ultrastnicture. 

Investigation of the ultrastmcture requires special methods 
which we shall describe below 

Methods 

The mctliods for tlie analysis of the ultrastructure Tna\ be 
classified into direct and indirect Among tlic direct are the ultra 
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Violet microscope, tlic fluorescence microscope and, especially 
the electron microscope 

VltrtmoUt Microscop* Thli mkrwcope difTen trom the onDnaty mi o May * 
hj the emploTmcDt of ultnmolet radiations aitd bjr possming an optical iritesi 
of qoertz or other dielcctnc tuhitancca tnioaniltthiB in the ultraridet. In the om 
of oblectire* corrected to a i%aTelength of 2750 A, the pemer of reaolDtioa b 
anlj doubled (see below) Hence, this method ofTsii such a slight gain in resolntkc 



Fig 20 R QA. Untreraal model electron ndcroacope (E.M.U ) (Cocrteiy of R- f* A ) 


that it has not prored to be raluable on this accxmnL On the 

monochromalor Is adapted to the microscope to as to pertall the stnoj’ w 

abacrption or the effect of different monochromalic porticos of the 

method acquires a great Talue m hlstochcmical ihidy for with it the 

locaUxadoo of nucleic acid and of other substances is poaslblt (see Qisi<g 

Likewise, tha fluorescdca microscope has limited application in the *^7^ ^ 

□ItTastmctnre In tha instnunent ultraviolet light » used, and use fa 

Quoreacence which certam structures amt when they are irradiated 

IS important in determining the localization of Titamln A, thiamine, nbofisrin ^ 

of other flaoretcent suhstancea in the celL The property of 

doced in many stroctnres with the use of Ducreacent substances. 

method has been used for the bistochemical locallzatioo of 

histochemkal value of tha method has been Increasod 

ip a ctrufr aphic analym of the radiation emitted by various sabstances (S>ostiaiw 
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Electron Microscope Tlus is the only instrument ivhich per 
nuts a direct study of tlie ultrastructme, smce its povrer of 
resolution is much greater than that of the hght microscope or 
of the ultraviolet microscope (Fig 20) This lustnrment utilizes 
the property possessed bj streams of electrons of bemg deflected 
from tbeir course bj an clectrostaUc or electromagnetic field, m 
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Flf. 21 Coisp&mon bety%eea the optical nncnBcop* and tli* tloctron m krt a co pa. 
(From G *Iliamp>cai.} 


the same ^-ay that a beam of light is refracted on crossing a lens. 
If a metal filament be placed m a highly evacuated tube, ^hen 
heated it emits electrons that can bo acoelerated by means of a 
difference of electrical potcntiaL This stream of electrons tends to 
folloNN a straight path and has properties similar to those of li gh t 
•md, like hght, manifests a corpuscular and vibratory character 
at the same tune, but has a ^c^y small wavclengtlL 

The construction of an electron microscope utilizes elements 
analogous to tliose m the optical microscope (Fig 21) In thi< 
case, the source of ‘hght is the filament of the cathode which 
emits the stream of electrons By means of a magnetic coil, acting 
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as a condenser the stream of electrons is focused in the plane 
where tlio object is located After traversing tins object, the stream 
of electrons is deflected by onotlicr magnetic coil which acts as 
an objective lens and gi\es a magnified imago of tlio object Thu 
IS received by a tliird magnetic lens, wliicli acts as an ocular 
or projection lens and magnifies tlie image from the objecUTC. 
Tlio final imago can bo visualized on a fluorescent scrccai or 
recorded on a pbotograpliic plate 

In Figure 21, one can follow tlic patli of the electrons and the 
formation of tlic images by tlio objective and by the projection 
lens of the electron microscope, and at tlio same tunc one can 
appreciate tlie similanty which tins instrument has to tlic optical 
microscope 

TA* power of Tttolutton or of deflnfiton of the electrtio mkroKope b drtmnnwi 
by the Tanenti « m the Ught mlcrcjcope. In *ny microscope the potser t< 
retoladon, ^hlch u the c*p*city to glte datujct inieKW fnan pomti lefT cJo« 
together fa the object, depcndi upon the i%*%elength (X) and upon the roo nerierf 
aperture (A) of the objeco™. The limit of moluiion, whi^ li the ramumnn dhtme* 
between two poinU fa onkr thet they ma> be deTmcd, » 

0 ) 

The noineHcal eperture being* 

A-n^a. (') 

(nhert n ti the index of refreclion of the medium end xm « the «fae of fae tasi- 
engle of the eperture) ^ 

In the cese of the light nucnwcope oren if one u»ee 
(X = 4,000 A) and lease* of the nuximun) numoncel ipertare ettefaebl* { 
one emTM at a limit of reaolutkn of approiimetely IfOO A (0 17 fi) In 
with nbhe Light the raoirmg power of the mJeroaeopo b !«• (about 2i00 A) 

From fonnule (1) one can deduce that to increase the power of deRnitK^ 
□umerkal aperture (A) being fixed, it b necesaery to diminish the 
(X) Thb u accompliihed by the ultraviolet microscope, and very nmen 
effectiTely liy the electron roicroacope. . .ij 

The wravelength of a stream of electroris U a function of 
voltage (V) or potential to which the electron* are mbjected, and can be ca 
fa an eppi oiunate form by the formula of De Broglie 



Pot example, in me of the ttandard current model*, the RCA EbW ^*"^5 
microscope. V = 50 000 rolo and X = 0 0535 A. W th thb 
a oumerical aperture of 1 40 a* iq the optical microscope (L) the reseJo 
bo iiicrea»ed by 60,000 tune*. -rtoal 

Nerarthele**, doe to the great aberration of the magnetic J 

iramencal aperture of the electron microtcope b very imall , in JL ah 

rasolutian leo Thu may be calculated thoorrtlcany a* between 5 
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th# ina}arfty of pobUibod pbotonncrograplu ihorr • resolutko otf 50 to 100 
Sdll m tpocuJ It hju been pOMible to arme at a rwolutian of 20 A 

and artn Im" (Hall) 

In tho optical microscope the magnification is detcnmncd 
largely bj tlie objective, vthicli reaches a ma mm u m of 1(X) to 
120 magnifications The ocular can mcrease tins image some 
5 to 15 times A total useful magnification of 500X to 1500X 
can be adiieted In the electron microscope the resolvmg power 
IS so high that the image from the objectiie can be enlarged 
very mucli more Thus, vTitli an initial magnification by tlie ob- 
jective of lOOX tlie image can be magnified 2(X) times ivith the 
projector coil, the total magnification thus bemg 20 OOOX In 
some cases, tlie total magnification can be profitably mcrcased to 
100 (XX) diameters bj photographic enlargement. 

Bj Its extraordinary resolvmg power the electron micro- 
scope seems to be an ideal instrument for tho studj of the 
submicroscopic structure of the celL Nct. ertheless, its usefulness 
IS reduced bj a number of toclmical difficulties and of limitations 
which raaj in time be partly overcome. 

One limitation is due to the low power of penetration of the 
electrons The specimen to be examined must be \cr 5 tliin It 
IS generally deposited on an extremclj fine laj er of collodion (75 
to 150 A in thickness) which serves as an object holder and is 
supported by a fine metal grid. If the thickness of the specimen 
exceeds 5 0(>b A (0 5 m) it appears almost totallj opaque 

Anotlicr limitation comes from the fact that, smcc the spea 
men must be placed m a high vacuum, it must be dchjdrated. 
This prolubits the study of cells m the livmg state. 

On tlic other hand, tlie structures which the electron micro- 
scope reveals directlj are onlj tho manifestation of differences 
m thickness or m electron density (Fig 45) Recently however 
attempts have been made to use the electron beam mdircctly for 
tlie anal} SIS of elements m chemical compounds (microanalyzer 
of Hilher) 

Reccntlj important advances have been made m teclmiques 
of electron microscopy of biological materials Tho use of e%*ap- 
oratod metals (shadow-casting) on specunens has led to a con 
sidcrable mcrcasc m the contrast and defimtion of images and 
of finer details of the surface of objects (^^filhams and Wyckoff) 
Tins tcdmique consists m placing the specimen in an cnacuat^ 
diambcr and m c\aporating a heavy metal such as gold or 
clirommm from a filament of mcandescent tungsten. The gnd 
is placed at a small angle to a straight hne from tlie filament, 
whereupon tlie deposit of material is made on one side of the 
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surface of the elevated particles and on the other there is fonned 
a shadow, the length of whicli allows us to ascertain the hei^ 
of the particle. The photomicrographs made of such speameu 
have a three-dimensional aspect which is nonnalljr lachug 

(F>g 1) 

An increase m contrast of the submicroscopic structure* hai 
been recently obtained by tlio use of substances wluch contain 
heavy atoms such as osraic acid and phosphotungstic aad, winch 
have tho property of scattering electron* These substances may 
under certain conditions act as electron stains, comparable te 
the histological stains, combining selectively wnth certain regwm 
m the specimen, Tlie use of electron stains has given excellent 
results in the visualization of llie fine ullrastruclurc of collagen 
fibers and muscle fibers (Figs 30 and 136) 

The difficulty which rc^ls from tlie thiclcness of cell* hai 
been surraount(^ up to a cortam pomt by the use of speoaJ 
microtomes m wliidi tlio blade la mounted on a wheel which runs 
at 25 000 r p Eo. wlule the specimen is advanced at a constant 
rate. Under these conditions, sections 0 1 p in thickness have been 
reported. In sucli sections, portions of tJic cells arc penetrable by 
the electron beam, and photographs of tlic specimen have been ob- 
tained (Gesslcr and FuUam) 

Another promismg technique consuls m making a culture 
of tissue on a covorshp covered ivith a layer of collodion. The 
culture can be removed along %vitli tlio collodion and observed 
vwth the electron microscope. As tlie cells flatten out considerably 
as they spread over tlie smooUi surfaces, parts of the cytoplas® 
become sufficiently thm to be penetrable by tlie beam of electrons 
and show various details of their structure and ultrastructurc 
(Fig 22) (Porter Claude and FuUara) 

Among the indirect methods of determining ultrastructure the 
most important are tlio uso of polarization microscopy and of 
X raj diffraction, 

Polanzntion Microscopy This metliod, which is the oldest of 
tlioso utilized in tlie study of ultra structure, is ba*cd on the be- 
havior which Certain components of and tissues have when 
they are observed with polarized light. If tb© material is isotrop^^ 
light IS propagated tViro ngl t the material with the same velocity 
whatever may bo the direction of the plane of the polarization oi 
light. Such substances or structxirc* arc characterized by haji^ 
the same index of refraction in all planes On the other hand, m 
an anisotropic material the velocity of propagation of 
hght vanes according to the direction of propagation widi 
to some axis of the substance Such a material is said to 
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birefringent because it presents two different radices of refraction 
corresponding to tlie respective different velocities of transmissioiL 
The birefringence raaj be expressed quantitativclj as the dif 
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siirface of the elevated particles and on the other there is formed 
a shadow, tlie length of which allo\vs xis to ascertain the hei^ 
of the particle. The photonncrograplis made of such specmieiB 
have a three-dimensional aspect whicli is normally lackmg 

(Fig 1) 

An increase m contrast of tlie submicroscopic structures hai 
been recently obtained by the use of substances ^^hlcb contam 
heavy atoms such as osmic aad and phosphotungsUc aad, which 
have the property of scattering electrons These substances may 
under certain conditions act as electron stains, comparable to 
the histological stams combimng selectively with certain regiorJ 
m the specimen, Tlio use of electron stains has given excellent 
results in the visualization of tlio fine ultrastructure of collagen 
fibers and muscle fibers (Figs 30 and 136) 

The difficulty wluch remits from tlio tluckncss of cells has 
been surmounted up to a certain pomt by tlie use of special 
microtomes m whicIi tlie blade is mounted on a wheel which runs 
at 25 OOO r p m wlulo tlio specimen is advanced at a constant 
rate. Under these conditions, sections 0 1 p in tluckncss have beoi 
reported In sudi sections, portions of tlie cells arc penetrable by 
the electron beam, and pbotograplu of the specimen have been ob- 
tamed (Gessler and FuUom) 

Another promismg technique consists m making a culture 
of tissue on a co\crsUp covered ivith a layer of collodion- The 
culture can be removed along wotli tho collodion and observed 
mth the electron microscope. As the colls fiatten out considerably 
as they spread over tlio smooUi surfaces, parts of the cytoplasm 
become sufficiently thm to bo penetrable by llic beam of electrons 
and sliow various details of thoir structure and ultrastructure 
(Fig 22) (Porter Claude and FuUara) 

Among the indirect methods of dclorminmg ultrastructure the 
most important arc the use of polarization microscopy ® 
X ray di^cUon 

Polanzaiion Microscopy This method, which is the oldest d 
tliose utilized m tlio study of ultrastructure, os based on the be- 
havior which certam components of cells and tissues have when 
they are observed with polarized hght If the material is isoti^i<^ 
hght u propagated through tho material with tho same velocity 
whatever may be the direction of the plane of the polarization 
light. Such substances or structures ore characterized by having 
the same index of refraction in all planes. On the other hand, m 
an anisotropic matonal the velocity of propagation of 
li^t vanes accordmg to the direction of propagation with 
to some aicis of the substance Such a matenal is said to 



STJBMICBOSCOPIC ORGATOZATION OF THE CELL /I 

birofringent because it presents two difierent indices of refraction 
corresponding to die respective different velocities of transmission 
The bircfnngence maj be expressed quantitatively as the dif 
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Fig 22. Electron micrograph of • portMo cf ■ fibrohlest lih* cwTI coltnred from 
duck tmbrjo turu* on a formrw filin Fixaticm m Qrtnttrm tetroxide TSport. 
Nucleuj in the o pper left angle. Filamentous choDdnosomes show nma cf diEarent 
ddihy Grairalar structnre m the ground cytoplaim. X3,fi00 (Conrtesj of K. R. 
Foter A. Qaode and E. F Follam and of Radiographj a^ Pheto- 

iraphy 23 1&46) 

fercnce between the tNVO indices of refrBcbon (N — N.) In prac 
hec, one measures the retardation (T) [in rap or in fractions of 
wavelength (X)] which tho light polanicd in one plane ex 
periences with respect to that in anotlier piano perpendn^ar to it. 
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The retardation depends on the thiclaicss of the specunen (d) m 
this manner* 


Direfnnf«i« (B) — N — \ ^ 

The measurement of the rclardabon is generally earned out by 
the use of some sort of compensator whicli can be mtroduced mto 
the optical system 

The bircfrmgcnce of biological raatcnals is generally reiy 
small Measurement of small retardations requires very sensitive 
compensators such ns tlic Kohler compensator 

Let us consider now the situation which prevails in the 
majontj of animal fibers, \%hicli can be thought of as bundles of 
amsotropic cjlinders In such cases if tlic direction of propagation 
of the polanzcd light is parallel to the long axis of the cylinder 
(v\hich corresponds to the optic axis) birefringence is not ap- 
piarcnt because tlio \clocity of propagation of the beam is equal 
for all planes of polarization, ^^luch arc radial to the fiber But 
if the direction of propagation is perpendicular to the axis of 
the cylinder then the %elocity of propagation will vary as the 
plane of polarization is rotated It is said in such cases that the 
birefringence is uniaxial It may be furtlier designated as positivt 
if the index of rcfractioa along the length of Uie fiber is greater 
than in the perpendicular plane end negative in the opposite 
case. This characteristic is of particular importance to detenmae 
the nature of the substance which produces the birefringence. 

The first appheabon of the polanzing microscope to the study 
of structures vras earned out on plant cells by Nagch in the 
middle of the past century As a consequence of these studies he 
fonmilated the miccUw theory which has had important m* 
flucnce on our modem concepts of ultrastructure. Nageh sug 
gested the existence of ultramicroscopic parbcles which behave 
toward polarized light like rauiutc crys tals, exhibiting the phe* 
nomenon which later was called cry'stalhne birefringence t*' 
intrinsic birefringence Other types of bircfnngence found m 
biological matcnals arc form bu^nngcnce, stram birefringence, 
rotary birefringence and dichroism. 

Crystalline or intrinsic birefringence is found in syrtenn 
where the bonds of molecules or ions have a regular asymmebu^ 
arrangement, and is characterized by bemg mdependent of the 
mdex of refracbon of the medium. In animal cells, m structures 
composed of proteins or of bpids, there may appear a certain 
degree of aryitallino birefringence, which m both cases is positive 
imianaL On the other hand, the fibers of micleoprotein do no 
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follow this rule, as tlieir content of nucleic aad endows them 
with negative uttinxial birefringence 

In structures (fibers or membranes) formed by the assoaa 
tion of lipids and proteins the chainlike molecules of the lipids 
are m general oriented wTth their long axes in a perpendicular 
direction with respect to the protem polypeptide chains (Fig 23) 
In this case, each of the reflective structural members tends to 
give opposing signs of birefringence (see m Chapter VI the molec 
ular structure of the plasma membrane) If a fiber has negative 
birefringence with respect to its long axis, one may suspect that 
It may be constituted of a hpoprotem with hpid molecules onen 
tated perpendicularly or of nucleoprotems In such a case one can 
apply fat solvents and if the negative birefrmgence is decreased 
one has evidence of a hpid component in the fiber 


Exteno^ 


^Ltr^ 


Intenor 

Fig 2J. ^loleculv ttrucUixe ol ■ IipopnKnn merntran© (m^ehn tHaath} 


Form birefringence is produced when submicroscopic asym 
metrical particles are found orientated m a medium of a different 
mdex of refractioiL In this case, the birefringence is changed 
when the index of refraction of the medium is changed and it can 
be abolished, except for mtrmsic birefringence, when the refrac 
tii'e mdex of the medium is equal to that of the particles 

According to the Wiener theory if the particles are cylinders 
oriented with their long axes parallel to the axis of the fiber 
the birefringence is positive if they are platelets, with their axes 
oriented perpendicularly the birefringence is negative with re- 
spect to the axis of the fiber By the immersion of a structure in 
media of different mdices of refraction and measuring the bire- 
fnngcnce m each case, one can construct curves in which bire- 
fringence IS plotted against index of refractiom The position of 
the minimum of tliesc curves indicates the presence or absence 
of form birefrmgence, and also tells if tlie form birefrmgenre is 
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pure or as is generally the case* if it is combined m greater or 
less degree with crystallino bnrcfnngencc (Fig 24) (For more 
details on the technique, see the works of W J Sclimidt, 1924 
1937 Frey Wyssling 1938 Schmitt, 1944, Bennett, 1948 ) 



Fig. 24 Method of detenniimic ngn end reletire emount of fora aztd 07 *^ 
line hmfrtagKSiee hr immerrioc teclmtrioo. A stdicaief poeiUre farm and poedre 
oTTUlliiie Imelftrig e iuD e. B indicitei pontire form and so aretaiUse UrefTfagesca. 
C indmetes podtrre fonn and negabre oTetaUioe bire6inge»ce (From SdicaHt.) 



Fig. 25 DUgtuB rf tb« I r.J- dJIr«:tion irt-op lor 
defimnt alrt* collimate a fine beam of i raya. The apecuoen ij put 
»lit and the Gtm tt a dutance rarying betneen 3 to 30 an. A le« pl^ . 

andiSracted beam. The ponOon of the wide-angle and amall-angle ^ 
film u iotLcatad. Compare with Fig. JMt (Conrteay of R. S. Bear and ) 



fUBOTCROSCOPIC ORGATOZATIOrf OF THE CELX 


75 


X ray Diffraction Tlus technique is based on the property 
which radiations have of being d iffr acted when they encounter 
small obstacles If a ray of wlute hght (x averaging 0 5 m) im 
pmgcs upon a diffraction gnd which has one thousand lines per 
miUuneter it will be diffracted, giving the various bands of the 
spectrum But if the same gnd is traversed by x rays (the wave- 
length of which IS much smaller) no measurable diffraction wall 
be produced- Laue suggested tliat gnds of much s m a ll er dimen 



Fit 2® X ^a^ diffraction p€tteni of lM«f landoD Fibor o ertKal 
•ngle p«aern £, equatorial “fide chain" apaongf of 11 A 1/ mendwinal arch at 
about 2.86 A, L, mendiofial long tpacmgt Small antle pattern (m the lower left 
of the figrtre) The fimdamentnl repa atu ig period li of 610 A_ (CoortefT of 
R S Bear ) 

sions, such as arc found m a ciy-stab would be necessaiy for the 
diffractiou of x rays, and utilized crystals for this purpose. The 
atoms, ions, or molecules m crystals constitute a true lattice of 
molecular dimensions capable of diffractmg radiations of this 
wa\ clength- 

In essence, the technique consists m makmg a beam of colh 
mated x rajt traserso the material whicli is to be analyzed 
(nerve, hair cellulose, and so forth) and m placmg beyond t>n< 
® Photographic plate wludi records the diffraction pattorTU On 
this there may appear a senes of rings and concentric spots or 
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bands (Fig 26) The distance between the dark rones and the 
center depends upon the spaang wluch exists between regularly 
repeating units in the specimen which produces the di&actioii 
(periods of identity ) The Icsss the angle of diffraction, the greater 
tlie distance bct\vccn the repeating units (Fig 26) 

Tile distance d between the periods of identity can be cal 
ciliated by means of the equation Imown as Bragg s Law 

nX = 2d nn f (n = number of the diffractian order 
X = ^raTolengtb, 

I =: engle of mddence) 

which shows tliat witli a knowledge of the angle of mcidence of a 
definite spot m the diffraction pattern and of the wavelength, the 
distance between tlie spacing producing tlio diffraction can be 
calculated. Tins relation is true only for crystals, not for hquids 
and gases A wavelength frequently used is tlie Ka line of Cu 
(1 54 A) 

Tho deereo of orientation of the particles is shown by the 
nature of tlie interference patterns 'V^^lcn tho particles are im 
orientated, concentric circles are foimd orientation in fiben 
generally gives arcs or sickles wbilo a perfect orientation (as in 
crystals) is mdicatod by spots In general, m orientated protein 
chains, sucli as cliaractenzo monj biological fibers, tlie equatorial 
pomts have been considered to indicate the lateral separation 
between the mdindual cliains, while tlie meridional pomts are 
thou^it, in certam cases, to represent the distance between the 
ammo acid residues (Figs. 26 and 27) 

As was indicated above, the distance between the spots or 
bands and tlic center of the diffraction pattern is smaller for 
diffraction effects duo to longer spacings m the matenal These 
long spacings, which may reach from 25 A up to 1 000 A m high 
polymers, arc of great importance in biological materials In 
wide-angle patterns (Figs 25 26) lhc> appear as small mend 
lonal spots close to tlio center and thus arc not clearly resolved 
This difficulty has been reduced by using special toclmical re- 
finements whicli permit one to obtain sraall-anglo patterns and 
thus a much better resolution of the long spacings (Fig 25) 
Later m this chapter and in Chaplcr XU, we shall mention the 
important results obtained by means of this tcdimque m the 
study of the ultrastructure of collagenous fibers and of tho muscle 
fibnllac. 

X ray diffraction is one of the most important methods for 
tlie studj of ultrastructure in those cases where it is apphcable, for 
It permits us not only to dotermmo tlie orientation of tlie mole- 
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cules, but also to measure with exactness the distances which 
separate them and even to recognize, m part, tlie mtramolecular 
organizatioiL 

Other mdirect methods of less biological importance are elec 
tron diffraction, mterference microscopy and dartfield micros 
copy (see Chapter 11) 

One of the most recently developed instruments for the study 
of the ultrastructure of membranes is the analy'tical Icptoscopc 
This technique and its results will be discussed in Chapter 

Linear and Laminar Structoro 

The submicroscopic structures wludi are observed m bio- 
logical materials by the methods cited above can be classified 



Fi{ 27 Model of « fragmeat of • pol^-pcptldo chain made to acale, thomiig eight 
•tnnjo add miduoa The peptide cham and tno rexiduei an bordered by coerce lmc» 
The black epfaeres r e p nien t carben atomt thoae esuh a central point, cro atom* 
and thoca ^ith a croci, nitrogen atcam The hydrogen aUsm are miheated by grrull 
ehne epheres (Co mt e cy of Spontlerl 

into two groups (Herzog) In one group are hncar macromolc- 
culcs, true cliams of molecules %\hich arc associated m a crystal 
line form or as subrmcroscopic fibnllao In tlio other group tliere 
arc laminar structures formed by tlio association of fibnllac” 
in one plane. These fibnllae and submicroscopic membranes 
times, aggregate to form larger types of organization 
wihlo to tlic microscope and even to the naiod eye (cellular fibers 
and tupraccUular fibere of Pickcn) 
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In anim al tissues there is a senes of structures which are of 
this type of organization and which, according to Picken, can be 
classified into three categones, as follows subcellular^ which 
comprise parts of cells, such as membranes, aha and spmdles 
extracellulnr^ such as collagenous and clastic fibers, membranes 
of cellulose or chiUn, which arc situated outside of the cells and 
supracellular which arc macroscopic structures, such as the hair 
bone and muscle, m which tlicro exists a similar micellar and 
molecular organization 

In all these types of structures, especially m the annual fiber*, 
proteins comprise the fundamental component. The proteins are 
composed of long chains of ammo aods ivitli pcptido hntages 
and may or may not be united to other groups such as nucleic 
aad or carbohydrates As maj bo noted m Figure 27, the polypep- 
tide chain IS composed of a ammo aads bonded by aad amide 
linkages, the side chams R projecting laterally The fibrillar 


on R 

B / 
c c 

I ! 

u o 


structures are formed by tlic assocmtion of many of these long 
peptide cliains parallel to each other and, in many cases, probably 
hound together laterally by means of side chain linkages 

The natm^ of the side cliains and the degree of union which 
exists l>eU>ecn the peptide chams inDucnce the physicochemical 
properties of these fibers Thus, for example, m Cb^ having an 
essentially mechanical function such as tliose of hair the protein 
chams are ■very closely pressed together tlie lateral unions are 
very strong and there is very little space to contain \vatcr On the 
other hand, m tendon and other connectivo tissues, tlio lateral 
union IS less strong, there is a greater space between the chains 
and the water content is much greater These two contrasting 
types of fibers are called, respectively keratinoid and collagenous 

AitbDTT h** portoUted an lh« bsc* of x roy difir»ction itn<Ee* that tb# 
udo chaTTw which compoM the proton* xdmj hare dJferent 

the c*** of kermtm of hair ha distmeoubes a foU*d typ* (aleratm) andanotw 
stTxaght trp 4 (fl kermtm) (Fig, 23) He eijdain* manj of the roechaW prtT>^ 
of theae fiber* on iha bi*i» of a traniformabon of one tj pe of Cb^ mto to* 

In hair there ii foond, in genaral, the folded molecular confignratii* la iow) 
but tinder the niQiienca of tendon or by the action of water taper the hair oegate* 
bacaoae of the ftrughtening oct of the protem chain* (|S keratm) 
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In Q tidnl type, the ccrpuscular Astboiy po*tnl*te* the peptnle chain to be 
cocupletaly fold^ m the form of a molecular corpuscle (for example, in 
albinmn, hamoglobm, and so forth) (big. 518) 


■ " ^AAAA/VVW* 

^ 

Fif 23. Diagram represmtmg the dlspoaitun of the pcdypeptule cham in a 
strai^it (p) folded (a) and ogpua c u lar protesa, according to Aftlmry 

In recent years, there has been a considerable advance in 
our knotvledge of the ultrastructure of collagenous fibers The 
electron microscope revealed that along tlie length of the col 
lagenous fibrillae there are alternating dark and hght bands, 
and that the distance between bands of equal density is about 
644 A (Fig 29) (Sc hmi tt, Hall and Jakus) Recently also bj 



^ ^ Phosphotungstic acid, it has been shown that withm this 
P^od of G44 A there is a senes of at least five penodic bauds 
™ch combine prefercntiallv with the electron stain (Fig 30) 
ju^ resiilts confirm those obtained earher with the use of x ray 
<™action (Bear) The characteristics which are most outstand 
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mg in the wide-anglo x ray diffraction pattern of the collagenous 
tissues arc tlic equatorial spots which indicate a lateral separation 
between the polypeptide chains of 11 A and tlio raondional arc of 
2 86 A which, accordmg to Astbury, mdicatcs tlie distance be- 
tween the residues of tlio ammo acids along the cliam (Fig 26) 
The use of tlio small-angle tccluuquo has permitted tlio deter 
mination of the presence of a fundamental spacing whicli is re- 
peated regularly at intervals of 640 A along the fiber (Bear Fig 
26) This coincides wulh tlie evidence from tlic electron micro- 



Flg. 30 Elec tr o n mkrogrerph of • coUages fDTrilla from nt uE tmden. SuinW 
With phorphotongitk and. FiT«4wnd«d Antctnre a »«« xr3,000. (Conrteaj of C. 
E Hall, JaLnt and F 0 Sclmutt and of J App. Phytka 2£3 lOtS ) 

scope It 18 to be hoped that llie association of electron microscopy 
and X ray diffraction, along ivitli tlic appbcation of biocliemical 
motliods, may permit a greater Joiowlcdgo of tlio diomical nature 
of the pcnoic ultrostructurc, not only m the collagenous fibers 
but also in other biological materials 

Wlicn collagenous fibers arc treated ivitli aad or i-ntli pepsin, 
they fragment longitudinally into fine filaments which retain 
tlicir periodicity in tlio axial direction. These filaments, once 
dissolved m acetic acid can be made to pass through filter paper 
and afterwards upon neutralization, under certam conditions, 
actually to reorganize themselves into new fibnllao witli a 
periodic axial structure- 

Tills observation is of considerable interest m relation to the 
problem of fibrogcnosis, bo it extracellular or inside tlio proto- 
plasm. It favors the hypothesis that in the case of collagen 
this process probably depends on tlio aggregation, laterally and 
longitudinally of smaller asyinmctncal units However 
studios have demonstrated the possibihty that other lands o 
fibers might be formed by the aggregation of globular moiecu os 
and that this mechanism can be reversed by changing the con 
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Uons of the medium The important observation has been made 
that a soluble globular protem like insulin, when submitted to 
special conditions of temperature and pH, can be converted mto 
fibnllae of mdefimte length and of about 140 A in width Ap- 
parently the corpuscular molecules, with low degree of asym 
metry have link ed together end to end and also laterally to make 
a columnar aggregation. This fibrous protein, by changmg the 
medium, may be reverted agam mto the globular form without 
appreciable loss m biological activity (Waugh) 

Actm, a protein extracted from muscle (see Chapter XII) 
also may be reversibly transformed from the globular to fibrous 
state. It has been studied under the electron microscope (Tigs 
137 and 138) (Jakus and Hall) These observations suggest that 
similar processes of fibrous formation might occur inside tlie 
protoplasm or m the surrounding tissue Dmd under special condi 
Uons and possibly by the mtervention of enzymaUc systems This 
hypothesis seems parUculorly appropriate to esplam the forma 
Uon and rapid disappearance of cellular fibrous strurture hke the 
aster and the mitotic spindle However the process might prerve 
to be of great importance also m other morphogeneUc phenomena 

Ultraitructure of Some Cellular Structures 

The different types of fibrillar organizaUon described above 
may be found m numerous c^ular structures, such as mbn. 
flagella, mj onemes of the Protozoa, tails of spermatozoa, chromo- 
somes, mitochondria, fibers of the asters and spindles, m all 
of which there appears birefringence with polarized light. 

Polarization opUcs permit us to demonstrate the existence of a 
fibrillar structure in places where the microscope does not re- 
veal any fibnllae in vivo Such is the case m the axis-cylinder 
of nerve fibers (see Qiapter XII) and m the achromaUc spmdle. 
In both, after fixaUon, it is possible to see fibnllae, but these are 
not apparent m vivo On the other hand, with polarized hght and 
\Mth the electron microscopo there can bo seen evidence of 
dehcate submicroscopic fibnllae defimtely onentated, which, 
upon fixation, maj be aggregated mto coarser elements visible 
with the microscope. This fact has a considerable tlieorctical m 
tcrest, for it demonstrates that many artifacts of fixaUon are 
onlj the exaggeration of an underlying submicroscopic orgamza 
tion, %\liicii IS revealed bj tlie coalescence of the micelles and by 
tJie loss of the water of imbibition produced by the fixatives 
The inbraiilc cilia and tlieir intraccllidar roots show positive 
bircfnngenco, mdicatmg the existence of particles onentated m 
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Microsomoi 

It IS nou over twenty years since tlic observation was made 
mth the ultraraicroscopo that the hyaline matrix of some rj^lb 
(such as amebac) contained small particles showing active 
broNvnian movement The diameter of tlicsc particles is very much 



tig 51 Dugram of tha orguilutian of b hopotlc cbU ibowing the bucIctu, 
CTptopUsm and the meiohrute. The chondHow me j ( mi tocho nd ria) are 
1^ laj^ bodies with croaS'hatching; the gly co gen micttaomea, by hollow 
the lipoprotein mlcroaomet, by aoiid apbere*} and the micelle* roapocrible for 
tol-gel change* (itructural protein*) by Gleroeaitou* line*. (From Ltiarow) 

below the limit of resolution of the microscope Bccently thanks 
to the development of new methods, the mterest of investigators 
has been concentrated ane^v on these tubmicroscopic partiaes 
If tissues are triturated very Cnoly in such a way as to destroy 
the cellular membranes and aro then suspended in physiologi 
salt solution and centrifuged, one can isolate parts of the 
of varying size according to Ae force employed {differenti o 
fractional centrifugation of Bensley) Thus it has been possi o 
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isolate nuclei, mitochondna and, recently submicroscopic par 
tides, the microsomes of Claude (Fig 31) These are corpu^es 
of 500 to 3 000 A, ■with a lipoprotein composition of complex 
nature m which are mduded phosphohpids and ribonucleopro- 
tem These microsomes have been separated in the ultracentnf 
ugation of numerous tissues Microsomes contam 2 per cent 
mositol, 40 to 45 per cent lipids, two-thirds of -which are phospho- 
hpids The high phosphorus content (1 5 per cent) reflects the 
abundance of phosphohpids and nbosenudeotides They contain 
also sulfur iron and copper Of the various enzymes and enzyme 
systems studied, apparently no one has yet been found to be as- 
sociated with the microsomes However cytochrome C was found 
m appreciable amounts (Claude) and also the thromboplastic 
activity present m microsomes (Chargaff) Recently a second 
type of submicroscopic particle has been isolated from hepatic 
cells This type seems to be composed essentially of glycogen with 
very httle protein (Lazarow) These studies demonstrate that, 
besidea the mitochondna and mclusions which are visible with 
the microscope, there enst m the cytoplasmic matrix a whole 
senes of smaller particles, the microsomss of varying size, but of 
submicroscopic dimensions Another fact of great mterest which 
these studies reveal is that the microsomes contain nbonucleo- 
proteins (see Chapter VII) In this respect, these particles have 
some sumlanty to the viruses of plants, the virus of chicken 
sarcoma and of infhienza, the bactenophages, and so forth, which 
also contam nudeoproteios Qaude believes that the mixnasomes 
may likeivise have the power to divide and to take part m cellular 
synthesis 

Structural Proteins 

Although the methods of polarization optics generally do not 
permit us to demonstrate the existence of a framework of fine suh- 
microscopic fibnllae ( cytoskeleton” of Peters) -which might sup- 
port the protoplasm and permit an explanation of its mechamcal 
properties, the existence of such fibnllae is suggested by many 
modem authors (Seifnz, Meyer) Such elongated micelles which 
are distnhuted tl^ugh all the cytoplasmic matrix would be those 
responsible for the thixotropic changes (sol gel) which occur 
^vltll frequency m the cells. If the protoplasm of a Plasmodium is 
dre^^n out \^^tll a microneedlc, there will be seen to appear 
clastic and resistant fibers which offer resistance to the force ex 
^cd (Fig 32) During tlie formauon of the pseudopodia bire- 
fnngcnce maj appear and in tho fertilization of certam eggs hire- 
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fnngence is seen at the end of three minutes after the entrance 
of the spermatozoon. All these facts and others which would be 
too many to enimicratc, suggest the existence of elongated com 
ponents, which would permit the mamtenance of the structural 
relationships of protoplasm (Fjg 31) At present it is considered 
that m the network formed by theso structural proteins the poly 
peptido chains may he hold together by cross linkages of hydrogen 
bonds or van dcr Waal forces, or even bj stronger valences 
Changes m the strcngtJi of theso cross linkages and in the degree 



of folding or in tlio length or oggrcgotion of the cliams may pro- 
duce the transformation of a sol mto a gel and vice versa m a 
particular region of the protoplasm. These micelles would not 
need to bo constantly united to each otlicr, for there might 
long range forces capable of holdmg them togctlicr altliougli they 
vrould be separated by spaces of as much as 150 A, tlius maintam 
ing tlie cohesion of the protoplasm * 

Bensley distinguishes another structural component, 
wiucJi IS the material that persists after all tlio soluble proteins 
have been extracted and which would be the basis of permnnen 
structures such as tlio cellular and nuclear membranes. 

oipmmmul orliknc bra 

IcDj nag* forcfli betwe en mecrcHnolecalet m»r ■Ijo fpeofit Specw 
of entigBia end cnbbodJM end tbe ActiaD of cerum eniyiua ^ 

trm when th# «ntig*n or the tub«tr*t« are tqx rat ed jr cim lubaUnc# 

emyiM by blanket*. Tlitee conilrt of up to ten 
(mdbajbannm rtoarate, fon™) with a tntJ tiKknea* of 200 A. 
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In summar) recent studies permit us to distinguish m the 
fimdamental protoplasm a senes of parts and of submicroscopic 
units, the mterrelation of which results m the sum total of prop- 
erties which v\c call vital (Bemley) 
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Chapter V 

MORPHOLOG'i AND FUNCTIONAL SIGNIFICANCE 
OF THE CYTOPLASMIC ORGANOIDS 

CHONDRIOME 

Under the generic denomination of chondnome are grouped all 
of the cytoplasmic bodies with the form of granules (mito- 
chondria) or of rods or filaments (chondnoconts) which are 
found constantly m all plant and ammal cells and which are 
characterized hy a senes of organoleptic, stauung and physico- 
chemical properties Among these the most important are their 
vuibihty m vitro their supravital coloration with stains such as 
Janva green, the necessity of sjiecxal techniques of fixation for 
their preservation, and their bpoprolem compositioru 

Altlungh datanbad br Altztuitn (16d0) g«T* die nejne to tbe 

grtnnle* wfaKh appeared m cella widi htt znetbod of fiubcc and ccJontiaa, tba 
cbndrionnMi had been obaerred eariiar br other aothon, for exunple, Flainmme 
tnd ’KATliber All thaM v ^ u r ia ctSered, nererdialnt, the eiffect of the were of 
ikeptxam idnch foDcrwed the nrreatigeticin of the ecdon of fintrraa cm mllcadal 
aodeli (pa^ 63) asd remamed m obteon^ until Benda (18^) demcautnrted 
roeir the etm etm e* doenbed by Altmaim FIommnK end called dm mito- 
cbandrii (txgnifjiiig thread and granale) Tbete tileea Tatiooj recared definite con- 
CmtttKm Trhcn Benda was able to demcantrata the mitixbondTia in Irymg calls, T>d 
when Mrhsairt (1900) applied mpraTital colorabon with Janus green to them. 

The terminology applied to this organoid is extremely com 
pheated (according to Cowdrv it has been given more thflu fifty 
different names') In the Anglo-Saxon coimtnes they are called 
mitochondria (Gr Mitos filament Kondna, granule) both as 
the entire group of organoids and as each umt m particular The 
nomenclature generally used m the Latm countries gives the 
name chondnome to the group of organoids, chondnosomes to 
each one and we apply the name mitochondria and chondnoconi 
to the granular and filamentous forms respectively 

Vital and Supravital Examination 

Although the immediate examination offers certain difficulties 
due to the low refractive mdex of the chondnosomes, these can be 
observed m numerous living cells and, m partiodar m those 
cultivated in \ntro They also arc visible with the darkfield 
12 ) 



90 


GENERAL CTTOLOOT 


The Vital oxamination is particularly important m the study 
of the variations of the chondnome with tune and imder the 
action of different stunuli It is seen thus that the cliondnosomes 
have two types of motion one, of agitation, and the other, of dis- 
placement from one part to another of the cell Furthermore, it 
can be observed that the ftlarocnts fragment mto granules and 
that these also umte together The chondnosomes respond to 
changes m the osmotic pressure of the medium mcrcasing m nze 
m hypotomc solutions and dimimshmg m the hypertonic (Lewis 
and Lewis) This fact can be explained by supposing the ciastencc 
of a scmipermcablo membrane on the surface of the chondnosorao 
and salts in its mtenor, or as duo to changes in the hydration of 
Its organic components 

Supravital Giloration 

The immediate examination is much facilitated by coloration 
with a dilute solution of Janus greeru, m which the chondnosomes 
take on a greenish blue color, which later is reduced to red, and 
finally decolonzation occurs It has also been possible to color the 
imtochondna, m tissue cultures, with methylene blue, but thu 
coloration is inhibited by potassium cyanide and is decolonied by 
a bright illumination 

The coloration vnth these stains and with others such as oresyl 
violet and toluidmo blue may bo related to the processes of oioda 
tion reduction, since they are mdicators of the oxidation redac 
tion potential of the cell (sec Chapter IIT) 


Fixation and Staining 


It has long been rccoguiicd that the chondnome is a very 
labile structure which dismtegratcs very readily by the action or 
fixatives For this reason, all the mctliods of fixation for the 
chondnome are based on Ae stabilization of this structure by tlie 


prolonged action of oxidinng agents, such os osmic acid, clirotmc 
acid, and potassium bichromate As a stain, one usually uses iron 
hematoxylm (Regaud) or aad fuchsm (Altraann) In tlus latter 
method, one cames out an ovcrstaming witli heat and tlicn c- 
colonzcs with picnc acid, auranba, or the like This etamu^ 
charactenstic recalls that which is presented by tlic aa 
bactena, such as the tubercle bacillus and that of Icprosj w u 
also are stained in warm fuchsm and resist tlio action o aa 
This property is attnbuted, m these cases, to tlie presence o a 
external layer of hpoid or waxy nature and m the cliondnosom 
it was claimed that it could be due to a similar compos uon 
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Morphology (Form, Size, Disinbulion Onentation Number) 

The form of the chondnosomes, as was mentioned above, is 
vanable, but in general is fUameraous or granular (Fig 33) In 
some And especially during certam functional states, there 
may be seen other forms derived from those mentioned. Thus, a 
chondnocont swells out at one end to assume the form of a club 
or hollows out at one end to take the form of a tenms racket (Fig 
40) The mitochondria, at other times, mav become vesicular 
by the appearance of a central clear zone. In the hver there have 



Ftg. 33 OtaEtdmnie in die iwpatic c«lls of Amtlrttoma. gTondringgnm of 
▼viable fonn an aeen. Fixation, Regrod. Stem, irm hematcrzyln). 

been described cycles m the morphological variation of the chon 
dnome (Noel) In the majontj of cells, the chondnosomes arc 
filamentous, but m some, such as the spermatozoa, ovocytes and 
mature eggs, they are granular In the cells of mtestmal epithe- 
lium, they have a filamentous form m the apical part and at the 
sides of the nucleus, but a granular fonn m the basal cytoplasm. 

The size of the chondnosomes also is vanable but the fact 
1* interestiug that, in general, the diameter remains constant and 
that only the length vanes This seems to mdicate that growth 
occurs by the addition of material at the ertremities 

The dittnbuhon of the chondnomc is m general unif orm, but 
there are many e.xceptions to tins rule. Thus, m the cells of the 
kidney they are aggregated, especially m the basal region next 
to the blood capiUanes, and the some u true, although not to 
*cch a degree, m different glands of fixed polarity In some cases, 
they arc accumulated prcfercnUally about the nucleus or m the 
pcnpheral cytoplasm Such margination as well as the pennuclear 
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accumulation may be found in normal colls, but it is more fre- 
quent m patliological conditions Some of these changes depend 
also on the overloading with reserve substances which displace 
the chondnosomes 

Frequently tlicy arc aggregated in a radial form about the 
centrosomes and among the rays of the aster During cellular 
division, the chondnosomes lend to aggregate about the spmdlc, 
and upon the division of the cell arc distnbutcd in approximately 
equal quantity between tJio daughter cells 

The cliondnosomcs in some cells present a more or less 
defimte orientation Thus, m Uio cylindncal cpitlichal colls they 
ore generally onentated in tho basoapical direction, parallel to 
iho mom axis in tlic hepatic cells of fish and amphibia they arc 
onentated along tlio axes whicli unite tho blood capiUanes with 
the bile capiUoncs on tlio otlior hand, m tlio leuccx^es they are 
more or less radially arranged wtli respect to tho center of the 
cclL Recently it lias been suggested that tlicso onentations de- 
pend upon the durcction of tho currents of diffusion \vithin the 
cells and would be intimately linked to tlic submicroscopic itnic 
turc (structural proteins, Qiaplcr IV) of tlic fundamental cyto- 
plasm (PoUistcr) 

The quantity of tlic chondnosomes is difficult to determine 
but, in general, it can be said tlial tins vanes witli tlio typo of 
cell and the functional state of tlic cell (see below) 

In summary, the morphology of tlio cliondnomo vanes from 
one cell to another, but is more or less constant m cells which 
liave a similar function Tliis indicates tJint tlio morphology of 
tho chondnomo is a fundamental property connected ivitli the 
orgamration of the cell (Cowdry) 

Structure and Giemlcal Composition of the Chondriome 

From the physicochemical point of now, the chondnomo may 
bo considered os a more gclificd port of tlio cytoplasm- With 
raicromampulation it has boon possible to dcraonstrato that the 
chondnosomes arc relatively stable and arc displaced by the 
microneedlo ivithout suffenng clumgcs 

The specific gravity is groatcr tlian that of the fundamental 
cytoplasm- "nus property can be studied using tlie metliod of 
uUracentnfugation whicli consists in submitting the cells to • 
very great centrifugal force (200 000 to 400,000 times tho force 
of gravity ) using a rotor dnven by compressed air Tlic 
structures of tho cytoplasm and of tlio nucleus arc stmtinra and 
those in which tlic specific weight is greater (as Iiappcns in tno 
rase of tho cliondnomo) are deposited in the centrifugal po e. 
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Even after being displaced, the chondnosomes m a i ntain intact 
their form and structure, a fact which demonstrates also that 
they are stable and relatively rigid elements 

The knowledge of the chemical composition of the chondnome 
has advanced considerably in the last ten years, thanks to the 
employment of new techiuques Before that time it was con 
sidered, without a very secure basis that the chondnosomes were 
composed usually of phospholipids This idea ^^as based on the 
solubility (disappearance) of the chondnosomes with the differ 
cnt fat solvents, the stabiluation by means of chro m atiz a tion, 
the staining properties, the impregnation %vith osmic aad which 
ran be observed m certain cases, and the parallelism vrhich exists 
m a particular organ between the quantity of phosphohpids and 
of chondnosomes 



Fig. 54 Fig. 35 

Fig 34 Quodname m hepatic cdli of • Tmmmjl Flubon, Hegmd. Stain, inm 
himiataxylin. 

Fig 35. OwmAriome of bvpstic celli isoUtod bj fnctional miUifu gatian. (From 
T.aian m ) 

In hepatic cells, frozen and dned by the method of Altmann 
Gersh (Chapter HI) it was possible to study m ideal conditions, 
the solubflity with different solvents and the chemical properties 
of the chondnosomes If the tissue is extracted for sixty hours 
'vith fat solvents m the Soxhlet apparatus the chondnosomes are 
stained m the same manner as m normal matenaL This seems to 
refute the theory that the stainmg properties of tlie chondnome 
are due to its hpid contenL Furthermore, m these conditions, tlie 
htiUon reaction for proteins and the digestion with pepsm gi\‘e 
positive results for tlie chondnosomes, a fact wluch suggests that 
protems constitute tlie most important component (Bensley and 
Gersh) 

Later thanks to tlie discovery that tlie chondnosomes of the 
hepatic cells of certain species svere insoluble m sahne solutions. 



94 


CENEIIAL CTTOLOCT 


it ^VB$ possible to isolotc them by differenital centnjugation. At 
first, the nuclei and other parts of the cell arc separated and then 
the chondnosomes precipitate out and can be ‘^punCed by re- 
peated washings and centrifugations (Figs 34 and 35) (Bensley 
and Hoerr) 

The chemical analj'sis of the chondnosomic fraction revealed 
the following composition (Bensley) 


Protean ■ml 

nnztcogniied ralwtaDce* 


Gljccrids 



Leothin and 

cvpbalm 

4% 

Qtolefterd 


2% 


These results show that, at least m the hepatic cells, the 
chondnonie has a lipoprotein composition in which the protem 
part predominates In the lipoid fraction the glycends are found 
m the greater proportion Recently, m a detailed chemical study 
of the mitochondria of the liver, the conclusion has been reached 
that these arc composed pnnapaUy of proteins, the lipids repre- 
senting only 25 per cent (Qaude) Nevertheless, in this latter 
fraction, from 75 to 80 per cent is phosphobpii 

In spite of the high bpoid content, the chondnosomes in 
general are not impregnated vnth osmic aad, nor do they stam 
>vith Sudan HI, by which fact one must suppose that the fat 
IS found in a very fine ultramicroscopic state of dupemon. As a 
consequence of these studies, the ^inclusion 'vas reached that the 
chondnosomes are coacervales, that is to say structures which 
result from the aggregation of molecules, the coherence of which 
IS maintamcd by means of mtermolccular forces of attraction, and 
that the superficial part of the chondnosomes is constituted by a 
mosaic of protem and bpioid micelles Any agent capable of 
changmg the state of cqinlibninn of the forces which mamtam 
the cohesion of such a structure can provoke the dispersion of its 
molecular umts This would cxplam the lability of the chon 
dnosomes imder the action of certam agents and tbcir disappear 
ance with many fixatives and oi^nic solvents. 

Besides the components cited above, it has been possible to 
demonstrate the presence of an appreciable quantity of rfl^ 
nucleotides The content of sulfur is relatively high (0 82 to 1 lo 
per cent) and it probably occurs in the form of SH groups, 
the mitochondria give a positive reaction with mtroprusside. 
These SH-groups may belong to the proteins and also be due to 
the presence of glutathione (Bourne, Joyct lavergne) The con 
tent of iron, which is due to the presence of cytochrome ctih 
pounds, IS approximately 0,2 per cent and that of copper from 
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0 02 to 0 035 per cent By histocheraical methods and also by 
means of the technique of separation of the mitochondria, it has 
been possible to demonstrate the presence of various enzymes 
and vitamins The possibihty of the existence of proteolytic 
enzymes m the mitochondria has been suspected due to their 
specific stainmg with Janus green B which precipitates m the 
presence of such enzymes Recently it has been demonstrated that 
the chondnome contains or is associated with the greater part of 
the cytochrome oxidase and succmic dehydrogenase of the cyto- 
plasm (Hogeboom, Qaude and Hotchkiss see Chapter X) 

The presence of vitamm A in the mitochondria was suspected 
from an early period due to tlie yellowish coloration which they 
have m certam lower animals (Gatonby) Furthermore, it h as 
been observed that they give a positive reaction with antimony 
tnchlonde which is characteristic of the carotenoids in general 
(Joyet Lavergne) In isolated milocliondna a content of 249 to 
910 U S P units of vitamin A per 100 mg of hpoid material 
has been found (Gocmer) With the histochemical technique of 
acetic silver nitrate it has been possible to show in some cases the 
presence of vitamm C m the chondnome (Bourne, Leblond) 
Inositol also has been found m iL 

The topographic distribution of all of these components would 
be, according to Bourne, as follows 

1 A superfiaal layer composed of a hpoprotem mosaic 

2 A cortical region poor m water where the proteins, fats, 
leathm, cephalin, cholesterol, and other fat soluble substances, 
such as vitamm A, predominate. 

3 An mtemal region nch m water where there would be 
accumulated protems, vitamm C, glutathione, oxidases, and so on. 

Nevertheless, this conception is, at present, highly theoretical 
and needs to be confirmed by means of further lustochemical 
and tubmicroscopic studies 


Submlcroicopic Structure 

The ultra structure of the mitochondna has been studied but 
h^ up to the present. In the mtestinal cells of Ascans rt has 
been found with the polanrmg microscope that they show a 
uniaxial positive bircfi^cncc. Also in the rodlets of the distal 
convoluted tubule a positive birefringence has been foimd which 
could be inverted bj immersion in a medium with a greater 
refractive mdox (Grave) This suggests the existence of protem 
chains orientated m a direction parallel to tlic direction of the 
mitochondria and of lipids orientated perpendicularly This has 
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Fig. 36. Elec tio c mkrograpb of tbo nurgin of a aJtnred rat nbrocTtfc Qwd- 
drioaomea ahcrrT Intomal ttH • farroandiDf •heath. VenaJaf matariil ^ f®® 

m tha eodoplaim. Tb« octar layer u free of graimles Onnlc aod fl a tt e n . XfOW 
(Courteiy of K. B. Porter ) 

cultivated in vitro and in osmic acid, the mitochondria are 
distinguished from the (ytoplasmic matmc by their greater elec 
tron density (Fig 36) (Porter Claude and FuUam) In some 
cases, one sees masses of greater dcnsi^ distributed along the 
length of the mitochondria and having a diameter of 10 to 20 mp 

(Fig 37) The ffickle-fihaped mitochondria of the spermatozoa can 

be separated and m this condition also they show an mtoma 
structure (Schmitt) , 

The nutochondina isolated by means of differential 
ugation appear m the electron microscope as opaque bodies w c 
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scatter the electromc beam imifonnly In some cases, one may 
observe small elements ^vltllm the mitochondria of greater den 
sity htiH having a diameter of some 80 to 100 mo (Claude and 
Fullam) 



Fig. 37 El o utrun imcrognph ol • portum of a cult u re d rhtrt nuKTOpbage. Id 
dia lower n^it comer f t gjotnlcf ctameir* wuh onmum ran be teen. Radiatinf 
from tbii point are clundriocomea. which thow mtemal stmctore and endoplatmic 
rtiwndi. X5200. (Courteay of K R. Porter ) 

Functional Significance of the Chondnome 

Although all cytologists are m accord in considering the 
chondnome as an essential part of the cytoplasm with an im 
portant role in cellular phy5iolog\ the exact nature of its function 
IS little kno^^^n We can affirm that m this case, as m many other 
aspects of cellular life, the possibilities of the morphological 
method have been practically exhausted and that one must hope 
for the development of new cytochemical methods to solve en 
ti^y the problem of the fimcbonal significance of the chon 
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dnome In the enormous literature there masts, nevertheless, u 
large array of data which permits us to suspect the mtervention 
of the chondnosomes m the metabolic processes of the cell, al 
though the intunate nature of this intervention escapes the 
present methods of cytological analysis A great number of these 
evidences are indirect and arc bas^ upon the vanations which 
are produced m the morphology of the chondnome m the differ 
ent phases of cellular life 



Fig. 58. fUght Hepatic ceUj of tho Dermal toed (Bufo ej-marum Hwmel) F** 
drop* In black, duDdriocomei clear with a dark border imdii (tippled, 
dnotomet with a lipotd depont are leen at the ba(e of the cell*. L*fL Hepatic celo 
of a hypophjieclomlred toad. Dmumition of the fat drop* and inaeaaa of the 
chapdrioaome*. Fixatm, Champy Stain, AJtmami • fncbim. 


Thus, for example, in glands m active secretion^ there is, m 
general, a hypertrophy of the chondnomes charactenicd by an 
mcrease m tho number and size of the chondnosomes- On the 


other hand, in those processes m which there occurs an mcrc^ 
m the quantity of fat or glycogen, there is a dimmubon of the 
chondnosomes, parallel to this mcrcasc (Fig 38) In general, 
where there are manj drops of fat, there are few chondnosom^ 
and vice versa These facts have been mterpreted as evidence of a 
relation between the chondnosome and the accumulation of fats 


or of glycogen 

A similar vanation which proceeds up to the disappears 
of the chondnosomes is seen in the formation of the plastids o 
plant cells In this case, the phases which lead to the tram- 
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formation of one organoid into the other appear to be well estab- 
lished- A girmlnr fact IS observed m the erythroblasts in which- 
as the quantity of hemoglobin increases, the chondnome di 
minishes In the mature erythrocytes the chondnome maj- dis- 
appear completely (Fig 39) 



Fi^ 39 Erolatton of tlw cbmlnams in tl»* erytlirocyt** cf an amphTTriTT- From 
left to n^it, tbe cbondnomo rfrmrTTkliot, whQa tlio cmtoit of bemoglobm incraaMi. 
Fixatun, Begaod. Stam, mzi hematoxyhn. (Frton Kojai and De Hobertu.) 


The chondnome of the hepatic cells suSers wide vanations 
according to the state of nutntion of the animal and the type 
of food administered (Noel) In the fishes, these changes are very 
conspicuous and are seen a few hours after mgestion- The fila 
mentous chondnosomes are modified, and club-shaped and rachet 
shaped forms appear as well as Tesicular mitochondna at the 
same time, the cytoplasm becomes vacuolated- At forty-eight 
hours, these processes have ceased and the former aspect is re- 
covered (Fig 40) 

Another group of data comes from the observation of a 




A B c D 

„ t ^ Owndnomo of the hepetfc c*ll» of Cnaicrvdon dtcrTTunaadatus m 
dulermt of nutnticB. et tb« tune of mgwtioa of the food, chondrioctmU B 
benri, chondnoconu •horter with dob iheped «nd r*ckot type fonnij C, et 
fw hewn, morese end deenne of the cytopleim with ihort choodrwwmM 
^^ ppd em D et forty hour*, tmuler to A lam chondriocooti. 

Stem, iron hemetoxylm (From Royei, De Rdwitu end 

Lenellenco ) 
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topographical relationship between tlio chondnosomes and tho 
different products absorbed or elaborated by tlie coll Various 
authors, since tho time of Altmann, hnvo observed that tho de 
posit of lipids may occur m tlic cliondriosomcs (Fig 38) In the 
hepatic cells of tho amphibia tins process is seen espeaally in the 
small mitocliondna situated near to tlic vascular polo on which 
the fat forms a typo of crescent or pcnphoral cap which is nn 
pregnated by osmic acid or stained with Sudan III Onco formed 
the drops of fat increase progressively in size toward tho opposite 
polo. 

In other eases, tho accumulation of different substances such 
as fat, hemoglobin and protom occurs in tlic interior of tho chon 
dnosomes In tho hepatic cells of tlie amphibia tlicrc may bf 
observed in certam states the accumulation of a pigment denved 
from the hcmoglobm wntlun vesicular diondnosomcs In these 
eases, the reaction for ionic iron was positive m somo chon 
dnosomes (Do Robcrtis) 

Accordmg to Cownity in all llicse processes of accumulation 
of substances, tlic chondnorac would mtervenc espeaally as an 
interfacial film On its surface there would bo adsorbed and 
concentrated llioso substances which later could pass to tho in 
tenor of tho chondnosome, where they would be deposited as 
such or would undergo chemical changes by enzymatic action. 

We havo soon, above, that the cliondnomo shows a great 
lability and is readily altered by tlic action of vanous agents. 
This fact IS seen particularly in pathological processes m which 
It can be affirmed tliat tlic cliondnorac is one of tlio most sensitive 
indicators of any sort of injury brought about m the coU Most 
frequently one sees tlic fragmentation of tho chondnoconts and 
tho dismtogration of tins orgonoid but m otlier eases, at m 
scurvy tlio mitochondno fuse logotlicr to form volummous boditf 
called chondnospheres (Bourne) For a long time, although 
httlo basis, tlic idea has been advanced of tho mtcrvcntion of the 
chondnomo m cellular oxidations Recently, thanks to 
lation of tho cliondnomc by fractional centrifugation, it hes 
possible to test this problem directly and it has been found that 
the chondnomo actively oxidizes glutamic aad, likewise 
succmic nad, although witli less mtensitj and gives, with Nadi * 
reagent, a positive reaction for cytocliromo oxidase (Lazamw 
and BaiTon) Although tlicsc results arc as yet prolimmary they 
demonstrate that tho chondnosomes contam some of tlio 
which take part m ccllulor oxidations We havo mentioned a 
recent results wlucli show tliat the cliondnomo contains a argc 
amount of cytochrome oxidase and of sucanic dchvdrogcnoso 
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Furthermore, the consumption of oxygen of a piece of liver 
which has been frozen is below that of a piece of normal hver a 
fact which comcides with the dismtegration of the chondnome 
which takes place m the former This fact perhaps could mean 
that m the chondnome there exists a concentration of respiratory 
enzymes which facilitates the transport of hj-drogen (and there- 
fore the consumption of oxygen see Chapter X) and that when 
the chondnome dismtegrates, such <X)ncentration is lost with the 
resultant fall m the oxidations (De Robertis and Nov.mski') 

In the Protozo€L, observations have been made which permit 
us to suspect an enzymatic action of hydrolytic type. In the 
amebae the food mcorporated is brought mto intimate contact 
with some chondnosomcs Later a vacuole is formed which en 
closes the particle of food and the adjacent chondnosomes. If the 
process is followed, it is seen that, with the progress of digestion of 
the food, the chondnosomes diminish progressively m size and at 
the end of three hours disappear completely (Homing) In the 
germmation of cereals it has been seen that the secretion of 
diastase seems to be related likewise to the chondnome. 

In summary although the function of the chondnome re- 
mains almost unknown, thi<; organoid does seem to take a certain 
part m the different processes of cellular metabohsm. In these 
processes, the chondnosomes behave like mterfacial membranes 
where there would be concentrated vanous substances and, 
furthermore, as earners of hydrolytic and oxidizing enzymes The 
study of the functional significance of the chondnome awaits 
the development of new cytochenucal methods and the more 
mtensivo employment of those already in existence, such as 
fractional centrifugation, followed by chemical and enzymatic 
analysis 

THE GOLGI APPARATUS 


The name GoZgi apparatus or intenwl reticular apparatus 
is used to designate certain reticular gr anular or irregular struc 
tures, almost alwaj's localized or polanzed, which are fixed pref 
erentially with fumtives whicli stabilize the hpoids and which 
are impregnated bj silver salts or by prolonged treatment with 
osmium tctroxide. 


In spite of the fact that m the last fifteen years considerable 
ad\ances have been made m the study of the composition and 
function of the Golgi apparatus, it is not yet possible to give a 
definiUvc mterpretaUon of its nature and functional significance 
This organoid was discovered by means of the silver method 
Golgi (1898) m nerv owl and of the cat 
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and latrr found with tlie same reticular aspect in almost all of 
the differentiated cells of vertebrates. 

In the mvertobrates and in certain stages of development of 
vertebrates, there appear mdmdual corpuscles which are im 
pregnated in the same manner as the Golgi apparatus and which 
have been homologized vntli this organoid These Golgi bodies 
or golgiosoraes (Sosa) have received numerous denonunationj 



Fjg. 41 Aixw Thrw •dnooi cell* from the pancre** of the ^ 

pregnated by osmlc add to demonftrate the Golgi «pparBtui. Befowr Tbt ttin* 
after decokerxiiig and rectemlng with Iron hematoiylm, ihow deer cenaU wn» 
correepond to the Golgi netr^ort*. In the two cellj on the left, choodnotnoci 
ere u«n. (From Cowdry ) 

(lepidosomcs, hpochondna, dictyosomes, and so on) which have 
made their liomologization v er y confused Nevertheless, it u 
evident that there is an mtiraale relationship between the two 
types of structure,* 


The concep t of the Golgi apparato* ww compl icated al» by the ^dh coTCiy 
or len cnmltaneout (Holingrefi, 1®9) of dear om a l * ntnated in tM 
many cdl* (trophotponghmi) tha aspect and pootlon of whkh was beUerad 

The nomenclature of tha Golgi apparatus 1* extramdy comply pTW***"^ 
by Soae (1930) presents adTintafaf by Its afanpUoty and dynamic character 
GcJgtoJdn^ns Dinskn of tha Golgi apparatns during karyoklneai*. (Synonym 
(hetyokmens) (Perroodto) , 

Ool^iotomra Cerpusdts resulting from go lgifiVhs esis. Foematiens 
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to tka t of the G^gi ■ppar*tQS. So great yrt* this hamologrrirtinn thet CsTml r e TTrH thu 
o r gan oid the **iieti of Golgi Holmgrezi.” 

At the pr om t Hma, the mtwt freitaeiitlj' eccepted mnu^ i* that tiiCTo It 
DO cocnectioc between the two ilructuiea. In menY c»»«« it has been poaiible to 
domutrste tkam rmmttfrrmr-nt j- m th® mtl "Tid they hare eren been seperated 
wTtk Tiltf *^*^Trt -nfn gafnin hy TnaaTit of thciT diff erent Specific graTitiet. It cannot be 
nererthelees, that m many cates the deer canals that are cdjterred m stamed 
ratli are the rwfotn^ tmagt of die Golgi apperatm ^1) 

Later a greetar rrrrrrplw-wt-nm sattte with the tbeosy of the Tacnome, dereloped 
priDapally by Parat end Pamlert "Uni theory sopparts the new thet the two 
components of cytoplasm, m plent es well es in a mTrral ceTli, ere the 
i4vmdi- i fiflne the TBCoome. Thjs letter stroctma n conslUulad by Tacoolei which 
stem with neutral red m Tilal coloratron. Accnrthng to these anthora, the Golgi 
apparatns would be nothmg more th^ an emfect which resnlts from the piecipila- 
t-M-wi o{ silrar or ncrurrm between the Tecoolee or on the luilece of the seme. 

The theory of the Tecoome has been practically discarded m recent yeen. There 
are mmierooi cytological o lisei ra tions which hare demonstrated m e ccndnsiTe form 
that tki» two rtroLUires are mdependmt, althoo^ there may exist between 

them a mare spcbel reletianshqb Ik Is admitted at the preaent time thet nentral 
red, m rtemmg the r«dt, eccnmnlates first on granules and then , stmndarily tpies 
ongm to the Tacnoles (m/iome of Qilopm) This fact, esis3y nsible m suprantal 
obsenaoan, denumstrates that the T e cnome is a secendary ftme tur e called forth by 
the colormg agent. Accordmg to eome anlhon, the grannies winch are colored at 
the begmnmg by neotral red wonld r epre s ent the presuhstance of Golgi and not the 
true Golgi apparatus. 


Vital or Supravital Examination 

In the great majority of cells it is not possible to ilistongingb 
m the Imng state any structure smular to the Golgi apparatus 
There are, however some exceptions to this rule, for different 
authors have been able to sec it m the cells of the prostate, in 
mtestinal cells of Ascans, m Purfcmje cells and m various tissues 
of the invertebrates Furthermore, it has been demonstrated 
m cultures stained with methylene blue and it has been vitally 
stained with trypan blue. Farther it has been observed recently 
and photomicrographs have been made of it, m the cells of the 
seminal vesicle and m spermatids, by means of the phase con 
trast microscopy (Bnce, Jones, and Smyth) W ith vital or supra 
vital staining by methylene blue it has been shown that the 
Golgi apparatus can be seen m vivo m numerous types of cells 
in both the mvertebrates and vertebrates (Worley) 

The fact that generally it is not visible in vivo caused many 
authors to doubt the real existence of this organoid. The argument 


mitfUbratai cs the Golgi eppxretiit (Synonym dictyotoma) (Pemmeito) 
Gotgio/j-nc Procen of dmolotiao of the Golgi tpperetuj. 

G^gtorrheiit: Fregmentetum of the Golgi eppereta*. 

Fonnetwn end octogaietic diffemitietioo of the Golgi eppemtia. 
'^raicrtoar:fdl*cturt; Stud) of the cytoerdutecture m rdetum to the Golgi ep- 
(So«*, J M Apereto de Golgi y nomenfletmn cdoUr — Art Jd 
lot d« BwiogU de Mootendeo, 1930 p. 1955 ) 
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of Its invisibility IS not, however valid, since this may sigmty 
only that the G^lgi apparatus has the same refractive index as 
the rest of the cytoplasm. Wlien one has a certain expcnence m 
the study of this organoid and particularly when one considers it 
cytophysiologically, that is, considered as a dynamic structure 
which vanes with different functional states of the cells, then all 
doubts concenung its real existence vanish Wc may affirm with 
Kirkman and Sevennghaus that the most conclusive proof that 
the Golgi apparatus is an organoid is not the umversahty of its 
presence m fixed preparations, nor the observation of it m hvmg 
raatenal, but rather, its behavior when one observes it m different 
physiological conditions Tins behavior is so cliaractcnstic and 
constant that one can have no doubt willi regard to tlie reality 
of the substance or structure whicli shorn it 

Fixation and Staining 

In the definition it was said that one of the essential char 
actenstics of the Golgi apparatus is its impregnation by silver 
salts or with osmium tetroxide The first requires a previous 
fixation by formoL, to which is added uramum nitrate or cobalt 
nitrate. Both techniques arc relatively compheated and m order 
to obtain constant results it is necessary to adapt them to each 
type of tissue. 

Morphology (Form, Sire Position) 

The foTTn of the Golgi apparatus vanes considerably from 
one cell to another and even m the same cell, ivith the functional 
state this extreme vanability mates one think that in the hvmg 
cell it may be undergomg a slow but constant change. It is 
desenbed, in some cases, as a dense reticulum of anastomosing 
trabeculae, an irregular fenestrated plaque, a nng hollow 
umted tog^cr and so on In the nerve cells it is arranged, m 
general, in the form of a reticulum of wide meshes aroimd the 
nucleus and occupies an extensive zone of the cytoplasm (Fig 
42) 

In the majority of the oxocrme glands it forms a dense retie 
ulum of coarse meshes, situated between the nucleus 
excretory pole and more or less mtermmgled with tlie produ 
of secretion (Fig 42) In tlie leucocytes it is a dense moss locfl 
m the concavit> of the nucleus. , 

The form of the Golgi apparatus is, m spite of its vanab ty 
characteristic for each type of cell — a fact which 
that it IS a morphological character intimately linked to 
function and organization of the cell 
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In many cases, the Golgi apparatus may lose its reticular 
form and fragment mto more or less coarse granules whicli arc 
dispersed m the cytoplasm Tlus happens m certam functional 
states, but ^vlth greater frequencj m pathological conditions The 
fragmentation into fine granules (golgiosomes) occurs normally 
durmg mitoUc division, a pinccss whacli leads to a dispersion of 




4 /ilvit Golp pp&nnu m c«U* of tfae tit^rod gluxl of the guuira p g. 
•pi£al paDUoa. CXmic unpregnaUem Btloa Uft G«nglion cell, permuclear Golgi 
■ppentiM Beiow nght Tlw Mine, optical tection UmgcnUcl mth re«p<ct to the 
•mclem Silver unprecnetiaOL. 


tlie material which tlie Golgi apparatus contains and to an ap- 
proxiinately equal redistribution bet^^ocn the daughter rj>11c 
The nu: is hke'vise ^ery vanablc It is great m the nerve 
and gland cells and small m tlie rausclc cells In spite of the fact 
that it IS m practice \cry difficult to appreciate quantitatively 
the sanations in size of the Golgi apparatus, there remains no 
doubt that tlicsc exist and frcqucntli arc linked ivitli the func 
tional slate, for oxomple hjqicrtrophx m hypcrfunction and 
atroph> in hjqiofuncUon In general, Uic Golgi apparatus is ^veIl 




106 


OENKHAL CYTOLOOT 



^ ETolotioD of tlia Gol^ appMtos fai tbo foUtcolir crib of 

onrj of a teleoftecn fhh i anfl ^ endotboliform AO at odo oxb ^ cnioiilal 

celli. AO in apaca] poctiaa, 5 artn ^ fra^tDantadcn of AO ponetraLicn of tto 
golgtoaomea mto th« orocyte; 7 rfcanatitutmn of AO S 9 thI 10 follicular aecrelioB* 
m rdatioo with AG 4 and 11 «4innf1n(wim*« (From Ro^ and Do Rohorta ) 

developed while the cell is in an active state, when it grows 
old. It progressively dinunishcs m size and disappears. 
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The position of the Golgi apparatus is relatively fixed for each 
cell type In the cells of ectodermic ongm the Golgi apparatus is, 
from the time of the embiyomc state, polarized between the 
nucleus and the penpheiy (Cajal) 

In the secretory exocnne cc^ which have, in general, a 
typical polarization, the Golgi apparatus is found betvTeen the 
nucleus and the excretory pole (Fig 41) In the endoenne glands 
the polarity of this organoid is variable, except in the thyroid, 
where it is orientated tovrard the center of the foUicle (Fig 42) 
Due to some observations in which the Golgi apparatus of the 
thyroid cells appeared inverted in regard to its ordinary position, 
much importance w’as given to this organoid as an mdex of 
tecretory polarity (Cowdrj ) This concept has received little con 
firmation and although m the case of the th 5 rroid there can be 
recognized, by more direct means, the existence of an inversion 
of functional polarity (Gersh and Caspersson, Do Robertis) this 
does not correspond, m tlie majority of cases, to a change in the 
position of the Golgi apparatus On the other hand, the displace- 
ment of this organoid in cells may respond purely to mechanical 
factort 

la Figore 43 aa latanstm^ example u tberm to Qlurtnte tb* zoerpbelogleal 
TwUtuai trbidi tb« Golp •ppatmtot bmj imdergo la a nxL|d« UT* dificrcnt 
tUf«i of Its erolutiaa. Tb« Rgtm liums fiibcoiv oils, epuih^ial elsaMmts fducb 
ntrramd an onrocTte hi a teleostcm Bsb TheM calls, ni the orom Biu wt, ar« modi* 
Ced and pass from an endothoUform stala (Pif. 43 / and 2) to L a c c im a a high 
cylmdncal cpihiciiam (Fig 41, 4 to //) At tba sase tune, the Gol^ apparatus 
™d«rgoet TciY cbaractonstic mochricatsom In the endothaliform calls, it u small 
and IS found at one of tba poles ol tha nucleus (I) later before tbe morphological 
axis of the ccQ has changed, it abandons its polar poamcm and is located be l we m 
tha mvleni and the orum (2) In calls of greeter bai^it (cuboidal) tbe Golgi 
pparetiu becomes more complex (3) and then commences to fragment mto fine 
otndophibc grumles (gdgiosames) (5) In more adrancad states, tbe fragmentation 
IS total (<) SunoltaneouslT tba golgiosotnes inDltrata into the mtenor of tha 
'J'ccyto CTtntng the ntellinc membreiie (5 and S) In hi|^er celb tbe Golgi 
pparatus reappears as such (7) and commences m them a nerr functional stata 
characlemed an intense eecretion of products elaborated m intimate rriaPoo 
•hip With the Golgi apparatm (1 to 10) and which are excreted in tha mocjta 
(foUkular yolk) 


Slrucluro and Physicochomica! Properties and Qiemical Com 
position 

The phj'Sicochcmical properties and the chemical composition 
of the Golgi apparatus could be studied up to the presort onlj m 
an indirect wat A great ads-ance m tlie study of the former came 
'viUi the omploj-mcnt of the technique of ultraccninfugation Bj 
submitting cells of tlic utenne glands to a ccntnfugal force 
RW 000 limes gravitj one can displace tlic Golgi apparatus from 
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Its normal position, toward the centripetal pole fBeams and 
Kmg) This experiment demonstrates that tlio Golgi apparatm 
IS a well defined cytoplasmic material and that it has a rpeafic 
grainty less than tliat of the fimdamental cytoplasm 

Although the mere observabon of impregnated preparation! 
(Fig 42 ) could, by the clearness of its outhncs, suggest the idea 
of a relabvely ngid structure, the consistency of the Golgi ap- 
paratus seems to be relabvely fluid. Indeed, if certain cells (in 
tcstmal) are crushed under the microscope, the mitochondria and 
granules arc freely displaced toward the zone occupied by the 
(^Igi apparatus Finder mtroduemg rmcroneedles mto the 03^10- 
plasm, one encounters no resistance m this region, a fact which 
might indicate the absence of a firm network 



Fi*. 44 Diifnin by Hutch of the releben L e t we en the Golgi eppeittm eni 
Mcxetion. Elf externum, / mtcniamj P prefuhrtejice recdoo of the Golfi 
paratut, 5 eecr et or y prtxJoct. (From Hutch ) 

The consistoncy of the Golgi apparatus appears to be, neve’ 
tbeless, variable, according to the cells and perhaps to the func 
bonal state The results of ultraccntnfugabon are m favor of this 
conclusion. Thus, while in the utenne glands the consistency 
seems to be very fluid because the Golgi apparatus not only li 
displaced, but also is deformed, m the thyroid cells (HeUbaum) 
and m the cells of the spmal gan g lia (Brown) it maintains its 
form although it changes in posibon, a fact whicli mdicates a 
greater ngidity "U^hen one transplants centrifuged adrenal 
the Golgi apparatus soon recovers its normal posibon (Donifcld) 

Various authors have considered the Gol^ apparatus as 
posed of two parts, an external ergcntophilic and osmiophmc 
part and an internal argcntophobic and osmiophobK part (h ^ 
ature in Bourne) This mtemal zone ( ‘intomum” of Hirso^ 
vrpuld be richer in water and less dense than the external pan 
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(^extemum ) According to Hirsch, besides the Golgi apparatus 
composed of these tv\o parts, there eMst homogeneous granules 
which he considers as precursors of the Golgi apparatus, consti 
tutmg the presubstance of Golgi (theory of the presubstance 
system of Golgi, of Hirsch) (Fig 44 ) 

According to Hrrsch, each particle of presubstanco is trans- 
formed mto a true Golgi body when one can distinguish its two 
constituent parts, ortemum and mtemunn The presubstance is 
stained by mothjl red and also with Janus green B, this ha>ing 
led to the supposition of a certain relationship between it and the 
mitochondria The chromophobic part of the Golgi apparatus may 
be separated from the chromopluhc part b> means of centnfuga 
non since thev take up different positions in accordance with 
their different specific gravities (Richter) 

The study of the submicroscopic structure of the Golgi ap- 
paratus has barely started By means of polarized hght, it has 
been possible to obsen o in vivo the Golgi apparatus of spermato- 
cytes of certain molluscs It has a lenticular form and shows in 
Its externum a positive birefringence m the direction of its 
thickness, which mdicates a radial orientation of hpids. This bire- 
fringeuce increases when it is stamed with vital stains such 
as rhodanune B and chrysoidm. In case, the mternum did 
not show Signs of a preferential orientation (Monn6) In cells 
cultivated in vitro, fixed ivith osmic aad, and examined with the 
electron microscope, the Golgi bodies appear at dense structures 
characterized by rather angular outlines Then: high density after 
treatment ivitli osmic acid has not permitted the distmgiushmg 
of any mtemal structure, if such eiost* (Porter, Claude, and 
FuUam) Nevertheless, m mononuclear leucocytes, without stam 
mg with osrmc acid, likewise examined under the electron micro- 
scope, It has been possible to see that the zone occupied hy the 
Golgi apparatus appears clearer tlian the rest of the cytoplasm 
and lias a canahcular aspect (Fig 45) (Sosa) This lesser density 
to the electron beam would perhaps mdicate a lesser density or 
molecular concentration. This apparently is m accord ^vlth the 
results obtained with the ultraviolet imcroscope (Hibbard and 
Lavin) Indeed, in photomicrographs taken with 2537 A, the 
density of tlie zone of Golgi appears less than tliat of the rest 
of the cj-toplasm. Tlic apparently discordant results mentioned in 
the first place could easily be cxplamed bj the considerable 
aflinitj whicli the Golgi apparatus has for osmium tetroxide 
'cry hitlo is knoun of tlio chemical compontxoru Unfortu 
lately wc have not been able to isolate tins organoid as we can 
the chondnome, and for tins reason, any quanUtati\e mformatioD 
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respecting its composition is lacking For a long time, the idea hai 
been advanced that the Golgi apparatus is composed of hpids. To 
arrive at this conclusion, various authors considered prmapally 
the capaaty which it has to be impregnated wii osmium 
tetronde. This is, ho^vever, disputable since osmium tetronde 
may be reduced by other substances and besides, the irapregna 
tion of fats is, m general, much more rapid than that of the (Sdgi 
apparatus Another argument, somewhat more important, is the 
fact that m a cell treated with fat solvents, one cannot demon 
strata tlie Golgi apparatus Furthermore, its smaller specific 
gravity could perhaps be attributed to a hpoid nature. 



Fjg. 45 Electron mtcrogripli of the Gohd toot of the moBOnucloer Iwojeytt 
The opaqae tone below *od to the left corre^Kcdi to the mieleiiJ In the cytoplecn 
there sppeer* a clearer one of fwlLtiUr lutnre with the *aaM lo c al ti athc eon 
atpect M the Golgi apparatm. XlOiOOO. (Conrleey of J M- Soia,) 

The application of hislochcmical metliods for the demon 
stration of fats (Sudan IH, scarlet red, Nflo blue sulfate, and 
the like) gives, m general, a negative result This, of course, dc^ 
not signify that lipids do not exist The negative reaction could be 
due, as m the case of the chondnome to the mtimatc associaOon 
of the hpids \vith proteins ( masked hpids, Chapter II) 
this reason, the idea has been sustamed that proteins also take 
part m the composition of tlio Golgi apparatus 

Dissociation of the protein and tlic hpids can be causw by 
using protcolj'tic enzymes wluch digest tlie protein and 
the lipoid fraction free (Ciaccio) Witli this method it was 
that the Golgi apparatus does stam with Nile blue sulfate, whicn 
IS a stain for fats and lipoids This mtorcstmg property seems 
mdicatc tliat tlm organoid is of a hpoprotem constitutiOT an 
that it has a high hpoid content (Tarao) The presence of leci 
and cephalm m the Golgi apparatus of spermatocytes 
been claimed (Baker) According to some authors, the protem 
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part would be concentrated particularly in the internal rone of 
the Golgi apparatus 

Rjcent (tudjea teoin to demooitnts tlut a ralationjhip exifti balsieeji the Golai 
■pparatu* ■nil Titamln C. Thu coDcepCKin m on a duiuctckb >erie* of itndia* 

on HtffwfTit rwlli in which the localuatKn of Tilamm C, demamtrated hut orJifim rally 
by the rilT«r nitrate m acetic ecdntkict, u compared with tha poctum of the 
■pparatot, and which demorntrate that there eruti a topographical com d dance be- 
tween the two dementi (Gntjod, Lehlond, Bonme, Tcaratti, and othen) In the ax 
reTlwrf mccQo^Taph of Bourne, ooe may find a detailed hlbbographical analyxts on 
tha fobjact 

In order for thii concepnon to have Talna, it mnxt rert cm the found align that 
tha caacnoa naed for vitamin C la completely tpecihc and that the mPthod cannot 
impregnate other mbatancei or a tru ctnrea Recently the value of thu hotochenucal 
mathod hi hem placed m doubt both in amaectum whh its speohcrty (Soaa) and 
rti loe in detennmmg the mtrKellalar diiinlniitfm of yrtairrm C. Eipenmanti with 
mndd« (enrulawni) would appear to mdicale that the acetic ulTer mtrata trad* 
to predpttata at the mtcrfacei and ihw would e*pl*Tn tht tendency of the Golgi 
apparatm to be impregnated by tha method (Barnett and Fiiher) 

functional Significance of the Golgt Apparatus 

As m the case of the chondnome, the problem of the functional 
significance of this organoid remains >et to be solved The little 
that IS known up to the present is based on indirect observations 
and more or less hypothetical deductions 

One of the facts which seems to be well established is that 
m many secretory cells there exists a relationship between the 
GoZgi apparatus and the secretion, but the intunate nature of this 
relationship is practically unknown. This relationship was dis 
covered by Ca)^ (1914) m the goblet cells, salivary glands and 
in the exocrme pancreas activated by secretin. Later, other 
investigators confiimed these observabona, determined better the 
intermediate steps and made this a general concept for many 
other glandular cells 

Figure 43 (5 9 10) shows m the follicular cells of the 
ovocytes a typical example of this relationship It is seen that m 
mtunate association with tlic Golgi apparatus there appears a 
fuchsmophihc secretion substance in the form of roimded cor 
pnscles (S 9) The secretion granules are surrounded by an 
osmiophihc rmg more or less complete (5) or by a retic^um 
^th nodal pomts (9) Finallj the Golgi apparatus completely 
fragments and it may be seen that the secretion granules have 
osmiophihc parts adhering to their surface and that there are 
^bo Golgi bodies {10) 

Processes similar to tliose described base been observed in 
numerous exocrine glands (Bowen) m the biliarj secretion 
(Cramer and Ludford, Sol6 and De Bobertis) the enamel organ 
(Bowen) and so forth. 
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In some endocrine cells m which it is not possible to demon- 
strate any secretion products by cytological methods (paratbv 
roid) the variations of the Golgi apparatus are illustrative of the 
functional state of the cells and permit us to demonstrate the 
existence of a true secretory cycle (see Chapter XE) 

There have been attempts to explam the mtervenbon of the 
Golgi apparatus m secretion on the basis of the pro|>erties of ad 
sorption which it manifests toward various stains and other sub- 
stances Tr3rpan blue mjected mto an animal seems to combine 
with the proteins of the plasma and, secondarily is fixed in the 
region of the Golgi apparatus (Bowen) The same thmg happens 
with other aad stains mixed witli flour (Kedrowsky) Also, there 
has been recognized the absorption of vitamm C, iron, copper 
compounds, gold and protargol, by the Golgi apparatus. 

These results suggested that the Golgi apparatus might act 
m secretion as a condensation membrane for the concentration 
in drops or granules of products elaborated m other locations 
that diffuse through the cytoplasm. These products may be 
hpoid, yolt, bile components, cm^nmes, hormones, and so forth, 
(Kirkraan and Sevennghaus) According to this theory the Golgi 
apparatus vsould act by surface action and would not mtervene 
m synthesis or m the transfonnaUon of the products. Neverthe- 
less, this action might not be purely passive and could have al» 
a catalytic character The same considerations which we made 
m regard to the chondnome could apply in this case. Neither can 
the idea he discarded that phenomena of synthesis are produced 
by enzymatic action m the interior of the Golgi apparatus. 

In relation to this hypothesis it is interesting to point to 
the observation recently made that m the cells of the mtcstmal 
epithehum alkahne phosphatase is concentrated m the Golgi 
apparatus (Emmel) This seems to be the case also with the 
acid and airlin e phosphatase m several kinds of epithehal cells 
(Deane and Dempsey) These facts may indicate a partiapatian 
of the Golgi apparatiis m metabobc processes 

According to various authors, the presence of vitamm C m 
this organoid would also be related to these processes. According 
to Hirsch, when a cell is m process of elaborating a secretion 
product, the Golgi apparatus absorbs vitamm C T^ 
cumulated m the mtcmal, osmiophobic part ( ‘mternum ) 
later increases in size and is transform^ mto the secretion p'ocH 
uct Accordmg to other authors, the Golgi apparatus would 
a protective action for vitamin G, preventing the rest o 
cytoplasm from oxidizmg it. -11.11^ 

In summary Although ffie existence of a relationship 
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tween secretion and Golgi apparatus seems to be established, the 
explanation of this relationship has not >et left the domam of 
hypothesis. If this is the present situation for the secretory cells, 
gi TP more nebulous is the mterprelation of the functional signif 
icance of the Golgi apparatus m the nonsecretory cells and partic 
ularly m the nerve ceUs, where it has such a considerable develop- 
ment. It has been thought that it may mtervene m the secretion 
of fats, the elaboration of Nissl bodies, the metabolism of carbo- 
hydrates, and so on, but it is safer to aiTtrm that, up to the present 
tune, there is no satisfactory theory to explam m general form 
and for all cells the function of the Golgi apparatus. 

CELL CENTER 

The cell center is a cytoplasmic organoid which is foimd 
m the majority of flmmat cells and in some cells of the lower 
plants Its morphology is very different according to the func 
tional state of ^e cell and, m this regard, one must distinguish 
the cell center in mtcrphasic stale from that which is found at 
tlie beginning of cell division 

In the inierphasic state (between two mitoses) this organoid 
IS generally constituted of a ^nll spherical granule, the centnole 
Nvhich frequently is double (diplosome) (Fig 46) In certain 
cases, the centnolcs are multiple and m Uie giant cells of the bone 
marrow they may be very numerous In some ceUs, the centnoles 
are elongated and have the form of a bttle rod. In the spermatozoa 
the form is even more compbeated. 

The position is, m general, fixed for each ^"pe of celL In some 
cells. It has a tendency to occupy the geometrical center This 
liappens m ideal conditions m the case of the leucocytes, WTth a 
nucleus m the form of a horseshoe, or when the nuclear mass 
IS small and is displaced but, m general, the centnole is pushed 
back by the nucleus and by the products elaborated by the 
cytoplasm. Nevertheless, e% en m tliese cases, the position is rela 
lively fixed and axial, since if one draws a hne between the 
center of the nucleus and tlic centnole, this comcidcs with the 
ams of the cell (Hcidcnliam) Sucli is tlio case m the cybndncal 
epithelial cells m which the centnole or centnolcs occur m the 
central part of the apical end beneath the membrane 

The centnolcs are not generally visible in vivo, but their 
Constancy characteristic position, coloration \vith acid stains, 
Iheir afi^ity for iron hematoxylm and, particularly their be- 
haWor dunng mitosis, permit us to affirm their real existence in 
the cyloplasm. 
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The functional significance of tho cell ccnte i-vill be studied 
along with cell division m Chapter Vin and its elation to dbs 
and flagella will be treated m Qiaptcr XL 

In general it can be said that tlio cell center seems to be an 
organoid adapted to the mechanical manifestations of cellulai 
energy 


CHROMIDIAL SUBSTANCE 

Under these and other denominations* is mcluded the basophiJ 
matenal which is found m many cells and has staining reacboni 
similar to the nuclear substance. In tlic lugbcr animals it is foirod 
espeaally in nerve cells, in whicli it constitutes tlie Nissl bodies, 
and in tho cells of serous secretion Tho chromidial substance maj 
be considered as a specialized part of tlio banc cytoplasm 
a special chemical composition in which the nucleoprotcuM 
predommato. 

In recent >cars, duo to tlio cmplojTncnt of absorption micro- 
spectrography m the ultraviolet, a great advance has been mad< 
in the knowledge of the nature of tins cliromidial suhstanct 
and of its possible role in cellular metabolism. For this reason 
to facihtate its study, wc shall include it m Chapter VII where 
after an analysis of tlio chemical composition of the nucleus, rrt 
shall consider the problem of the cytoplasmic nucleoprotems, ol 
which tho chronudjal substance is a particular case. 
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Chapter VI 

PLASMA MEMBRANE AND CELL PERMEABILm 


In several chapters of this book it has been shown that the cell 
constitutes a unit with a definite chemical organization and that 
this organization is, to some extent, mamtamed independent of 
the environment. For example, the lomc content of cells is 
generallj relatively constant, even though it maj be very differ 
ent from that of the circulatmg blood (see Fig 5 ) This particular 
difference is mamtamed throughout the life of the cell prob- 
ably by continuous control of the penetration and exit of mole- 
cules and ions exerted by a thm membrane surroundmg the 
cytoplasm, called the plasma membrane However other mech 
anisms of control mvolvmg parts or the whole protoplasm 
also take place and are particidarly important m certain types 
of cells 

The property of this membrane of regulating the exchange be- 
tween tlie cell and the medium is generally called permeabilit) 
The study of permeability is a fundamental branch of general 
physiology and olmously exceeds the scope of this book here 
some considerations about penneabihty processes will be made 
only when they bear an mterest from the pomt of view of 
structure and function of the celL 

PLASMA MEMBRANE 

In Qiapter HI the cell membrane was studied from the purely 
morphological pomt of view It was said that the plasma mem 
branc generally is mvisible witli the microscope, but that outside 
of It one may find other protective layers which reach to the 
limits of microscopic resolutions Such is the case with the plant 
cells (Fig 118) which present a thick cellulose wall, covering 
and protecting the true plasma membrane. Animal cells ma\ 
also be surrounded by cement like substances adsorbed on the 
periphery constituting visible cell walls These protecting or 
adsorbed layers generally play no role m pcrmeabihty 

Electron microscope studies of cultured cells show a defimte 
boimdary at the penpherv of the cytoplasm (Fig 36) but do 

For dcuih aa thu tubjoct iho rudor u referred to The SjrnpojU of the 
Spnn« Herhor 1940 Dtnoo «jid i^j 
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structure (Porter) The electron nucro- 
scope s^dy of red cell envelopes will bo mentioned below 
Although generally invisiblo, the eiostonce of the plasms 
membrane cannot be disregarded smee it is demonstrated by 
v^ous oicpenments mtb microdissection (see Chapter HI) by 
tho fa ct th at not all substances can enter freely mto the cell— 
a prope^ of sclecUvity which is to some extent similar to that 
shown by flrti ficifll mombranes — ond^ furtlicmiorc, because it 
can be demonstrated by polarization microscopy or by a speaal 
optical apparatus called the leptoscopc (see below) 



F19, 47 SucuBirQ «ttg«s in the Mp«ntu» of the nw juL r tn o of the egg of 
Eckinoroehmus perma. Thu procea begun at the point of m trnnce of the tpenna 
toxixct, YThkh U nufked $n t (After fact ) 

In some special cases a cell membrane may readily become 
visible Such IS tho case with tho egg of the sea urclun m which, 
after tlie penetration of the sperm, a membrane is separated on 
the surface which prevents penetration of othor spermatoroa 
mto the fertilized egg (Fig 47) This, of course, docs not exclude 
the possibihty that there is formed another membrane mvisible 
to the microscope, in contact \vith tJio iirotoplasm 

Structure of the Plasma Membranei Theones 

Tho study of the molecular organization of the plasma mem 
brane has been considerably hampered by its extreme thmni^ 
Recently it has been possible to make a direct approach to tlio 
problem by tho development of now optical mc^(^ but up 
to the present tune results aro still meager Most of the dam are 
of mdirect nature and derive mauily from tho study 0 0 

permcabihty properties of red cell membranes, marme eggs an 

of plasma membrane structure are generaUy based 
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on such indirect information Thus, for example, the fact that 
the rapidity mth -nluch different molecules penetrate mto the 
cell depends a great deal on their solubihty m lipid solvents has 
led to the concept that the plasma membrane may contain a fine 
layer of lipoid substance (Overton) 

This theory is also favored by electrical measurements which 
mdicate the presence of a high impedance at the plasma mem 
brane (Cole and Curbs) Furthermore, data from chemical studies 
of the hpid content of the plasma membrane of eiy'throcytes, 
which when spread in a monolayer was considered to amount 
to a surface equivalent to twice the superficial area of the erythro- 
cytes, led to the formulauon of the theory that the plasma mem 
brane is composed of a biraolecular layer of lipid molecules 
(Gorter end Grendell) However to explain the passage of water 
soluble molecules through tlie plasma membrane, a sort of sieve- 
like structure with a protein component has been dairoed (see 
below) 

Other indirect informabon came from the study of mter 
faaal tension of different cells TVhfle at the air water interface 
there is a tension of 70 dynes per centimeter and at a water-oil 
mterface about 10 to 15 dynes per ccntmieter the surface tension 
of cells IS almost ml By the use of centrifugal force upon sea 
urchm eggs to a pomt m which the elongated cell breaks into 
two halves (a process which can be watched with the centrifuge 
microscope see Chapter HI) the surface tension can be calculate 
This was found to be 0^ dynes per centimeter m the unfertilized 
Arbacia egg (Harvey) Also by compressing eggs or other cells 
wath a flat gold ribbon a very low surface tension (0 08 dyne per 
centimeter) was observed (Cole) Such a low tension is us iiflll y 
explamed as duo to the presence of prolem layers upon the hpid 
components ^^^len a very small amount of protem is added to a 
hpid water model system the surface tension is lowered to com 
parable low figures 

To cxplam all tliese facts the theory was proposed that the 
membrane is consbtuted by a lipoid layer of small molecules 
with a protein layer adhering at llie bpid aqueous mterface (Dan 
iclh and Harvev ) 

As shown m Figure 48 the hpoid layer i* conceived as being 
bimolecular vvitli the polar groups situated at the hpid aqueous 
mterface, while tlie nonpolar groups are adjacent to each other 
The protom molecules disposed at both interfaces are orranged 
vvnth thoir pol>'peptidc diams in a dirocbon perpendicular to the 
hpid molecules Tins protem laj'cr is tliought to be composed by 
0 sort of mesh of long molecules arranged in parallel lamellae 
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at the interface and with nonpolar groups presenting to the hpoid 
phase and polar groups directed toward the atiueous phase. The 
elasbaty and the relative mechanical resistance which the plasma 
membr^e possesses in spite of its delicacy are attributed to the 
presence of these layers of proteins, which are thought to mam 
tarn the cohesion of the different parts of the plasma membrane. 


MTdrvcuboa QaitM 



Fi^ 4S. Disgrun of the moIecuUi ftructnr* of tl>e meaimne. (After 

Dcnielli) 


Sfmcture of the Envelope of the Erythrocyte 

Direct information concerning structure of plasma membrane 
has been obtained in different cells bj polanzaUon microscopy 
(see Chapter IV) However m most of tlie cases the presence o 
Ae plasmagel (that is, the gelled layer of cytoplasm dosely as- 
sociated ^vlth the plasma membrane) wluch is mucli 
has rendered very difficult tins kind of structural analysis is 
difficulty is avoided by the use of red cell envelopes If mam 
malian erythrocytes are treated ^vith a hypotonic solution, 
hemolysis occim and hemoglobm and salts are removed, leaving 
a tbin envelope called the ghost- Different data tend to m ca c 
that these envelopes represent almost exclusively 
branes with very small internal cytoplasm jUthoug i 
obvious that erythrocyte ghosts may not be typical ™ ^ 

branes, it is the only raatcnal so far isolated and ^ 

structural and chemical methods. Further research is ry 
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to esUbluh if data obtained on tins matenal can be appbed to the 
plasma membrane of other cells 

Chemical ComposiUotu Red cell envelopes can be obtamed in 
amounts large enough for chemical analysis Lipids in a con 
centrabon suffiaent to account for a surface layer 40 A thick were 
found (Gorter-Grendell) This lipid part is roamly composed of 
lecithin, ccphalin and diolcstcrol (Parpart and Dziemian) An 
acidic protem call ed rtromatin has been isolated (Jorpes) wluch 
IS considered to represent a special tj'pe of protein, ivith a 
particular ammo acid composition (Beach and collaborators, Bal 
lentme) The content of several ammo acids is represented m 
Table VI and it may be noted that, urespectivo of the phj logenehc 
differences, the content is fairly constant m different animals 
The tluckness corresponding to this protem component m the red 
cell eni elope is approiomaldy 70 A (Waugh) 


TABLE M 

AinAO Acid Ojirrcm Lmo Exnuvcna) Eutthidcttx Stxov^ 
(After !lc*chL, Enckwo, B€m<tain,TVdUam* ■nd 1939) 
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Polarization Microscopy ilh the use of refined polarization 
methods (see Qiaptcr IV) mdirect information can be obtamed 
regarding the oncntation of tlic protem or hpid constituents of 
the plasma membrane (Schmitt, Bear and Ponder) Eiy'tlirocj’tc 
ghosts show o famt negative polarization cross with a radial 
optical axis. Tins negative cross is enlianced b\ e.vtraction with 
lipid soUcnls, mdicalmg that it is due to fibrous proteins onentod 
m Uio plane of tlie envelope surface Furthermore, bj immersion 
of ghosts m gl) ccrol or urea, uhich have a higher refracti\'e mde.x 
timn \Nalcr the negative form burefniigcncc disappears and is 
replaced bj a positiic cross radial axis Tlus fact is an in 
dication tliat lipid molecules arc oriented radially 

Although polanzation optics indicotc llic preferential onenta 
lion of boUi proteins and hpids in Uic em elope, tlic} jneld no 
mformalion about the actual distribution of llicsc t^^•o components 
in the plasma membrane 
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Electron Microscopy Wolpcrs (1941) who studied the mem 
brane of human erytlircxytcs wth the aid of the electron rmerth 
scope, reaches tlio conclusion that hpids and proteins are not 
arranged m layers, but as a lallica Proteins form a of 
mechanical and dynamic framework wlucli constitute a brush 
heap (micellar) structure. Bctwtjcn the meshes of this protem 
frame, the lipoid component is distributed, f illin g holes existing 
m the protem layer According to Wolpcrs, these Lpoid holes are 
responsible for some of the processes of pcrmcabihty 

As an evidence of his tlieory Wolpcrs extracted the hpidi 
mth lipid solvents The electron microscope photograph of sucli 
treated erythroc)^cs, m addition to a fibrous structure, sliows a 
senes of emptj holes distnbutcd where the lipid coraponenti of 
the membrane were probably situated. The distribution of the 
holes does not suggest the existence of molecular layers of pro- 
teins and lipids. If a lipid extracted ghost of an crj^throcyte is 
stretched durmg the dn^g process (mdispcnsable for the study 
of a preparation under the electron microscope) the fibrous na 
ture of the protem component is very clearly visible. 

Leptoscope To measure the thickness and to analyze tJio com 
position of the plasma membrane, on optical apparatus, called 
the leptoscope, has been devised. The idea of t^ apparatus is 
based upon the fact, desenbed by Blodgett and Langmuir that 
the thir.knesfi of the film on a glass may be calculated from the 
intensity of light reflected by Ihe film, if tlio refractive indices 
of the air, film and glass are known Waugh and Schmitt adapted 
this idea for the study of lliicfcncss of tlio cell membrane (1940) 
The principle of tlus method consists m comparing tlie m 
tensity of light reflected by the plasma membrane (erythrocyte 
ghost) mth the intensity of that reflected by molecular layers of 
baniun stearate of known thickness. By spreadmg a fatty and, 
such as steanc acid, on water under pressure, a monomolecular 
film ran be obtam^ In such a Clm, molecules tend to onent 
perpendicularly to the surface of the water with the polar groups 
( — C(X)H) immersed m the water and the hydrocarbon cha^ 
ftickmg out toward the air If a glass shde is dipped through thw 
filni into the water, a monomolecular film can bo deposited wi 
the polar groups attached to the glass By dippmg again, a 
monomolecular film can be deposited on the slide which ve 

the polar groups oriented m the opposite direction ' 

By this techmque a number of bimolocular layers, ea one 
48 8 A in thickness, can be laid on the glass and also a step e 
film cpn be built, each step having a thickness mcremen o 
48 8 A. 
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The leptoscope is composed of two microscopes, which receive, 
m reflected form, the same hght intensity the field of which can 
be seen simultaneously with an ocular comparison. Under one 



Pif 49 Dugrun repruartmg the boQdmg up of molecular filim at as air trater 
interface L^t a ibde prcruutl} coated with a mono mol eailar film of barmm 
(tearate (tee tlie polar groupi attacbed to the glaaa surface) u dipped m water 
hartn^ a monamolecular film at tiia interface. The seccsid monomolecular lajer 
attaches to the first by the nonpedar ends. Right se% 0 al InmolccuUr laym of bantnn 
stearate hare been depooted on the glasa slide by smiLtwi Tt round trips into 
and oat of the water (Courtesy of D TVaag^i.) 

microscope are placed liemolyzed end dehydrated erythrocytes 
(ghosts) and under the others the stepbic layers of stearate. The 
intensities of reflected light are matched until the thickness of 



50 Photomicrographs teben w th the leptoacepe m which ma> be seen, 
ra ume field, the stioma of ben>ol>*ed corpuscle* (dart dues otn ted at the 
im) ^ bunolecula Uicr* of stearate of tanous thickneaa (at the right) (After 
'•aaBh, taken from Da son and Dazuellx.) 

tlio loiter reflect the same quanutv of hght as do tfic crj-tlirocytc 
ghosts (Tig 50) Tlius It ss-as found that tfic thickness of the 
m™bmnc corresponds to tsvo to four molecules of stearate, or 
about 200 A This apparatus also permits an mdirect determma 
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tion of the chemical composition of the membrane and estab- 
lishes the relattvo thickness of the hpid and protem parts of the 
membrane. For instance, if fat solvents arc applied so that only 
the protem component remains, the thickness of the membrane 
15 reduced to a corresponding proportion. In erythrocytes of 
various animals, it \vas found that the thickness of the membrane 
ranges bct^^ecn 140 and 220 A. In the rabbit it is about 215 A, 
of which 110 A belong to the protein layer and the rest to the 
lipid layer This thickness of the hpid layer is equivalent to t^vo 
biraolc<mlar layers. Smcc the erythrocyte is only sliglitly per 
meable to water and to salts, it is quite possible tliat tlie plasma 
membranes of oilier cells arc thinner lo., tlicy arc composed of 
one layer of hpids only 

Considering the above mentioned dimensions, \vc hove to bear 
in ramd that the tliicfcncss of the membrane is related to a 
diy Him only Observabons of ghosts in the way of dry'ing tend 
to indicate that the rod cell envelope contains less Uian 25 per 
cent water This fact leads to its consideration as a desolrated 
structure in which the component molecules are in close assoaa 
bon eWaugh) 

Another interesting obsenabon brou^Jt forth witli tlie Icpto- 
scope IS that at the central part of the ghost, \\hich corresponds 
to the biconcave region, the thickness is frequently found to be 
30 to 40 A larger than at the periphery This observabon has been 
related to tlie typical biconcai'o shape of mammalian rod cells 
and the process of rc\ersible transformation of biconca\c discs 
mto spheres under appropnato conditions 

OSMOTIC PRESSURE AND PLAS/AA MEMBRANE 

The importance of osmotic pressure in the hfe of the orgamnn 
IS fundamental In plant cells, osmotic pressure maintams the 
turgidity of the protoplasm. As was observed by De Vnes, when 
these cells are placed in a solution which has an osmotic pressure 
similar to that of the intracellular Dmd (isotonic solution) the 
cytoplasm remains adhered to the cellulose wall and is 
changed. ^^Tlen the solution of the medium is more conc^trat 
(hypertonic solution) the cell loses water and tlio cytoplasm re 
tracts from the rigid cellulose walk On the other hand, when 
the solution of the medium is less concentrated (hypotonic solu 
tion) the cell swells even to the point of bursting 

Since the plasma membrane of the coll is permeable 
and to certain solutes, the osmotic pressure is mamlauied bya 
mechonism which regulates the concentration of the disso 
substances ui the interior of the cells The passage o vano 
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solutes across the membranes of animal cells does not occur with 
the same facilit> 

Osmotic pressure also plays an important part in the formation 
of certain bod> fhuds such as lymph and interstitial flm(L 

At the end of the past century Hamburger demonstrated that 
osmotic pressure plays a Berj important role m the life of the 
cell He found that the cell membrane behaves like an osmotic 
membrane and that a solution of 0.951 per cent of sodium chloride 
mamtains the mammalian erythrocytes intact, while m less con 
centratcd solutions, they are hemolyzed. In a medium of higher 
concentration, however the red corpuscles, due to loss of water 
sho^^ rctractioiL These experiments appear to be applicable to all 
animal cells both of a multicellular organism and of Protozoa 
(with a few exceptions, as among the Rhizopoda) On this basis, 
from tlic biologi^ pomt of view one can group solutions mto 
three classes (1) Isotomc solutions, which have an osmotic 
pressure the same as that of the cells. For example, 03 M solutions 
of nonelectrolytes are isotomc m relation to cells of mammals 
tlio same applies to the 0 9 per cent solution of sodium chloride. 
(2) Hypotomc solutions, which have an osmotic pressure less 
than that of the cells For example, a 0 66 per cent solution of 
sodium chloride, which is isotomc for the erythrocytes of ampkib- 
la IS hypotomc for the cells of xnammals and may bring about the 
hemolysis of tho red corpuscles (3) Hypertonic solutions, which 
lla^ e an osmotic pressure greater than that of the cells 

From the examples mentioned aboB*e, it can be concluded that 
tlie tomaty of the medium is of great importance to cell function 
Tills fact has given rise to the adoption of the physiological solu 
Uons, which have llie same total osmotic pressure as the blood of 
the animals 

In a higher organism, the regulation of the osmotic pressure of 
tlio bod} as a nholo is earned out principally by the kidnej's 
In these, the hydrostatic pressure of the blood brings about the 
ouUvard passage of svatcr from the glomerulus (unne) 

In the plant cells, there also are mechanisms for osmotic 
regulation. In general, the osmotic pressure m tliese cells is about 
10 atmospheres (in Pcnicilhum it reaches even as much as 100 
atmospheres) and Uic pcrmcabihtv of tlicir membranes, those of 
tlio racuoles as n*oll as tlie plasma membranes, imdergoes per 
manent diangcs m order to regulate tlic intracellular osmotic 
pressing To regulate tlicir water balance, plants possess secretory 
glands B%hich function as osmotic maclnncs Animal cells gen 
crally lack Uic turgidilj which diaractcnzcs plant cells although 
there arc excepUons, as m Uic case of Tubulana On the other 
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hand, the unfertilized eggs of some marine nrnmnlc^ juch as the sea 
urchin, behave hhe genuine osmometers Since they arc sphencaL, 
one can, by measuring the diameter determine the volume and 
the^changes which this imdergocs with changes m the camouc 
pressure of the medium. In this material it can bo demonstrated 
that the velocity of osmosis increases vnth temperature. Many 
bacteria behave in the same manner This permits determination 
of their mtemal osmotic pressure by findmg at what concentra 
tion their volume docs not change fsec Knayst, 1944) 

In many umcellular organisms the osmotic equilibnum is 
maintained by means of a contractile vacuola It is this organoid 
which extracts the water from the protoplasm and contracts, 
eliminating its contents into tho external modmm. The luucel 
lular organisms which lack contractile vacuoles regulate their 
excess of ^^atcr by elimination across the cell membrane. 

CELL PERMEABItrTY 

We may dciine pormcabilitj as tho rate of movement of a 
substance through the permeable layer under a given dnmg 
force. S C Brooks and Mathilda M Brooks, from whose book 
(1941) this definibon is taken, stress that t\so factors have to be 
kept m mind (1) the charactcnstic of tho cell (and nuclear) 
membrane for the passage of moJeculcs and (2) the dnvmg force 
of the latter which maj be completely ^independent of any prop- 
erty of the membrane. Permeability is of fundamental impor 
tance for tho functioning of the bving cell and the maintenance 
of satisfactory intracellular physiological conditions This func 
bon determines which substances can enter the cell, many of 
which may be necessary to maintain its vital processes and the 
synthesis of living substances It also regulates tho outflow of 
excretory material and >vBter as they are eli m i n ated from the 
npll permcabihty undergoes continuous changes which 
depend upon the physiological slate of the cell and various ex 
temal condibons such as temperature. 


Methods 

Cell permeability can bo studied by venous methods One 
frequent method involves obscn’Blion of plasmolysis m P 
relK which is easily observed imder tho microscope- Ei^ont 

material for tho study of permeability particularly of 
mcability of ^vatcr are tho eggs of some manno ammals ( 
Chaetopterui, and the like) whose shape, under no^ 
stances, is sphenc and whose size is very constant 'Hiej 
shrink, respectively m hypotonic and hypertonic solutions. 
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out losing their spherical shape. This svrelling and shnniage can 
be determined measuring the diameter of the egg and then 
calculating the volume 

Another ^vldelJ used method is that of the hemolvsis of 
erythrocTtes There arc various optical devices to measure the 
degree of hemolvsis (bv the change of mtensity of color of the 
solution in ^vhich the red corpusdes are suspended) and this, 
related to the time factor gives a fairly accurate idea of the 
penetrability of a substance. These methods are mainly used for 
the study of nonelectrolytes 

Lately some new methods were developed and of these the 
study of permeability with radioactive isotopes is particularly im 
portanL In this case, the tracer elements are used instead of 
normal compounds and their permeability through the mem 
brane is measured directlv by the Geiger counter In order to 
measure the amount of substance which penetrated inside the cell 
during a definite period of time, this method is a great improve- 
ment of the method of direct chemical analysis of the cell co^ents 
WTiereas the latter method is used mamly to determine the 
permeabilitj to nonelectrolytes, the isotopes are generally used 
to itudj the permeability to electrolytes 

Permeobdity to Motecuias 

Many soluble substances penetrate to the intenor of the cells 
due to the fact that they can dissolve in the hpoid layer of the 
plasma membrane Nevertheless, the fact that plasma mem 
brane is crossed by molecules of u'atcr and bv numerous com 
pounds insoluble in fats leads to an assinnption that the bpoid 
layer may not be conUnuous and that it mav contam spaces or 
pores which permit the passage of such substances From this sup- 
position It follows that, besides the factor of solubility cited above, 
there may mterv cne other factors sucli as tlio size of the traversmg 
molecules and the size of the pores m the membrane. CoUander 
and Barlund (1933) demonstrated that the rapidity watb which 
certain classes of molecules penetrate into the cell (Charm) de- 
pends directly on tlicir solubility in bpids and on the sue of tbeir 
molecules the more soluble tbev are, the more rapidly thev 
penetrate Among ranous substances which are equally soluble 
m bpids, tliosc with the smallest molecules enter most rapidh 
(ITg 51) 

Permeobllity to Ions 

Tlic molecules of nonclcctrolvtcs arc generally slated to pass 
across membranes more readily than the clectncHlly charged 
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particles (ions) The latter are, nevertheless, very important in 
the maintenance of the vital processes, and their passage mto or 
out from the cells poses speolic problems due to the electnc 
charge which they carry 

One important rule describing some phases of the perme- 
ability to electrolytes is the Donnan equilibrium, which considers 
the relation existing between two solutions of electrolytes sepa 
rated by a membrane which one of the ions cannot pass 



Puthloe qwflfclfm 

Fig, 51 R»te p<a>etrmtzai] in ceQs of Chmrm ™ 

reUben to maJamlar volum* feipretsod •• molecnW re£r*ctiao, MR) “d to 
distntntxn of od asd inter (putitKm cocffidcid) (CcdluideT and Bidttod.) 


If ■ solotioai of «ndi tTm chlorUe u wparatod from anotfier 

diffnsitle folstKn, mch « potsKittm cUarUo (K*Ct~) by • membnoe, the fo°* 
be dstriboled bet^ T «en the tiro compartmestU imul «i eqofljbnnm a 
Let ns ccuuKler now the case of • #0101100 cf sodiom cUondo #epanleo 
at* of Coniro red fN# and a radical R ) by a njembrane which u permeahl# to t« 
Na and C 3 “ lorn, hot im p er m eable lo the B" Han. The inftlal dutrihutlai of 
stances m represented as follows, a and i- reprasentmg the munber of imi at eacn 
fide of the membrane 

I I n 

a TVa I b Na 

•.a I bR 


Under lirtt cooium. tit tom, N. .nd Cl- cron H* ^ ^ 

dfftOKjo I ^ n .nd m tho oppmte dmtfoa nuUnim* c cqmlil»nn m 
the speed of diffncon m the two dnectiace tt the same When equHilcinm *s 
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fa od* n tliere ttiII be foond, becifas the enpnfll Ttum be r of wnj (fr) *n x 
nnmber of lom cnming from ude L At tfie «*nie tune on tide I there fa a lener 
(x) nuinber of This nee. ntuatujo ten be reprewnted u follow* 

1 n 

■ — b + xJ^e 

■ — xQ f.R“ 

xO- 

Sface the Telocrtr of diffusion of I —*■ II u picputlwoel to the coocentratioo of N* 
tud Cl" fa ride I, this ctn be expressed ^ — x)’ S hmiTtm eocsIy the speed of 

diffnrion of 1^— 11 a proportiaMl to the product of the coocentttteon of N» 
C3 fa ride n, nhich may be exprexsed as (bd-x)x Tbe Ionic etjadibriom 
fa readied wh*n die speeds of dtffoxton m both duectwni are the same, which 
can be erprened as foDom 

I n 

{±— ) (b-t-x)r 

From thw equadoa, which a called Donnan t fondameital eqnatioti, we maj 
deduce- (1) that the coocentratioo of the ions Na and Q- m I a the same- (2) 
that the numher of Na iota a greater m c omp artment II than m I (3) that 
die CQP C eotraUoo of Q" a greeter m I than m IT and (4) that the concentration 
of Na m n fa greater than that of Q 

The Donnan equilibnum plavs a role m biological phenomena 
and permits a partial explanabon of the lomc equilibria estab- 
lished between tlie ccUs and the surrounding medium when there 
are diffusible and nondiffusible ions m the Proteins form 

such nondiffusible ions It was on the basis of Donnan equilibninn 
that Van Slyke and collaborators were able to interpret the 
difference in the content of bicarbonate and chlorine between the 
erythrocyte and the serum, tatmg hemoglobm, which is present 
m lugh concentration m the erythroevtc, as the nondiffusible ion- 
At the present tune there exists htUe doubt that metallic 
ions, both amons and cations, enter and leave the cells This 
interchange is probably active in cells and tissues m the process 
of growth since the concentration of salts remains constant even 
though the mass of the protoplasm is mcreasmg It also is ve ry 
mtense m various sccrctorv cells such as those of the salivarv 
and sudoriparous glands and especially those of the stomach. 
which lose a great quanUtv of salts that are replaced from the 
blood across the vascular membrane Likewise, muscular and 
nervous tissues, during their physiological activity show an active 
interchange of ions Tlie pcnctrabihtv of the different metallic 
ions 15 variable In the order of their penetrability wc have 
Rubidium > Potassium > Sodium > Lithium > 
Magnesium > Banura > Strontium > Calcium. 

Tb« pCTietrebllitr eTprew« the reUtm tpe#d. under ttandird ctmdition. 
wfmji Tirwai jubVince* cttm* partmiUr metabrxae Tha a « 

prep«^o< the eutenas rnfaUnce, while perme bility u p c o pet t r of the pUtm* 
memhrtne 
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Study of the permeability to ions has advanced considerably 
during recent y cars due to the employment of radioactive isotopes, 
and though there might bo a dikerence in the penetrability of 
a radioactive isotope as compared with the normal compound, the 
combmation of various methods gives us, nevertheless, a fairly 
accurate idea of its penetrability 

In order to cxplam the rapid penetration of the cell by 
ions, without osmotic effects. Brooks suggested the existence of 
on lomc interchange across the membrane through electrically 
charged pores According to this theory, there enst in the plasma 
membrane, in addition to noncharged pores, others with a positive 
or negative electrical charge The positively chaiged pores at 
tract the anions but repel the cations, and an opposite activity is 
carried on bj tlie negatively charged pores These pores are con 
sidered to be located principally in the protem layer of the mem 
brane, which contains more water and would facflitate the 
movement of the ions Furthermore, the sign of the charge would 
depend upon the proportion existing between the ammo group 
(+) and the other basic groups, and carboxyl groups (—) of the 
ammo acids adjacent to the pore. If there were a pr^ominauce of 
basic groups, the pore would be positive, or if the acid groups pre- 
dominate, it would be negative. The existence of such charged 
pores, besides the Donnan cquihbnum, vomld enable us to ex 
plain the selectivity which some cells possess for certam ions. 

The problem of cell pcrracabihty is highly complex, and 
although some of its mechanisms are Joiown, many others have 
not yet been cluadated There is little doubt that besides the 
factors of solubihty m lipids, penetration through pores without 
or with an electrical charge, and lomc mterchangc, there must 
exist other mechanisms which, under certam conditions, permit 
the entrance of large molecules The same phenomenon of dif 
fusion cannot, in many cases, be cxplamed exclusively on the 
basis of the laws of permeability and of molecular size. It i5 
known, for example, that glucose diffuses into the cells \vith 
ease while other sugars do so with difficulty This is probab y 
due to the fact that, since glucose plays an important role in the 
general metaholism of tlie body it is utilized as soon « it 
the cclL Under these conditions, in order to mamtam the ^tnh 
num, large amounts of glucose must penetrate mnde the cell 
The other sugars, such as saccharose, arc motabohzod very J 
and, therefore, when equilibrium is reached 
any more mto the cells In these examples it will be noted a 
there exists an intimate rclaUon benveen permeability and tJie 
metabolism of the cclL 
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Chapter VII 


STRUCTURE AND CHEMICAL COMPOSITION OF THE 
NUCLEUS IN THE INTERPHASIC STATE 

Since the discovery of the nucleus as a constant part of the proto- 
plast (Brown, 1835), the majority of cytologists have been 
interested in the extraordinary phenomena which it manifests 
during mitotic or kinetic diMSion of the ccU and m mciosis or 
the division of raaturatJon of the germ cells As a consequence 
there was considerable progress in kaiyology which is a branch 
of cy'tology dealing with the nucleus or karyosome, to the detn 
ment of the study of the cytoplasm or cytosorac 

The methods of fixation and etamiog and of vital observation 
made it possible to demonstrate that the nucleus passes through 
a senes of complex but remarkably regular and constant changes 
which arc charactenzod by the disappearance of the karyotbeca 
or nuclear membrane and the appearance of mlensely staming 
bodies the chromosomes (Gr Chroma color Soma, b^y) Thu 
IS so characteristic that it led to a dcHnition of the nucleus as “an} 
formation surrounded b} cytoplasm from which chromosomes 
arise during division (Belar) 

From this pomt of vlc^v every cell passes, in the course of its 
life, through t'vo periods one being inlerphasic or metabolic and 
the other being mitotic or a period of diinsioru Both are charac 
tenzed pimap^} b} changes m the nuclear structure. In the 
mtcrphasic or metabohe period the karyosome is found m the 
usual state of nondivision. * On the other hand, m the penw 
of mitotic division the whole group of changes occurs which leads 
to the division of the chromosomes and the reconstitution of the 
daughter nuclei- . 

In this chapter we shall study the structure and the chemical 
composition of the mtcrphasic nucleus, leavmg for the following 
chapters the analysis of the mitotic process and the heterotypic 
mitosis or meiosis of the germ cells Finally m Chapter XI wc 
shall consider the nucleus m its cytogenetic aspect, that is to say 
as a true organ of heredity the bearer of the genes or factors 
dctcnmnmg the hereditary characteristics 

Thu period b tpohen of commonlj «J oae of rtpost bat th a ^ 

tppnpmte, be cJ t u e m^ny fu oct io m are bem^ carried cb at tM* tim* (Soarpi 
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Morphology of tho Nucleus (Constancy Form, Size, Number 
Position) 

In all cells of higher animals and plants tliere is found a 
nucleus "with the general characteristics described in Chapter ITL 
On the other hand, in certain loiver organisms, such a nucleus 
1 * not apparent. In some Flag^ala and Infusoria the nucleus is 
represented by granules of nuclear substance (cliromatin) 
scattered through tlie cj’toplasm. In bacteria no nuclear structure 



Fij. 5J. Electron nucrogrmph of Sarcina fUwa, Becteru tbow poljgcra*! form W 
CAQM of TmttoKl compresnon. Cefl mai den*e bodiw, nuclear naCor* 

15 «till ttndcr (L ku w I cp, «r« clatrlj- leen. X25,000, 110 kr (Cciirte *7 of Mm tV Van 
Itcrm, Inttitnte for Elec ti o n Microecopy Ddft, Nttherluids.) 

IS distinRuishable bj ordinary methods but, at tunes, various 
tt-orkers have interpreted as the cquu’nlcnt of nuclei scattered 
granules or a diffuse uniform matenol wlucli lias tlie micrt>- 
clicraical characteristics of nuclear substance Recently vntli the 
electron microscope, it has been possible to show in bacteria 
a bodj ssilli tliQ charactcnsUcs of a nucleus (Fig 52) 

On tlic oOier hand, m -xiruses, ciicmical anolj-sis demonstrates 
tliat they contam nudeoprotcins, substances \shidi arc also cisen 
lial components of tlie nucleus Modem studies tend to demon 
stratc tlie constant presence of tlie nucleus or its equivalent, in 
cells and the importance of tlie nuclcoprotcms in all of Uie mam 
fcslations of life. 
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The form of the nucleus may have some relation to that of 
the cell or it may be completely irregular In the first case, if 
the cell IS isodiametnc (sphcncah cubical, polyhedral) the 
nucleus is generally sphcncaL On the other hand, m cylindrical 
cells or prismatic or fusiform cells, it tends to be elhpsoidal and 
m squamous cells, flattened. Examples of irregular nuclei are 
foimd in the leucocj^cs (nucleus in the form of a horseshoe or with 
many lobes) certain Infusoria (monihfonn) glandular cells of 
many insects (branched), sperroaloioa (elliptical, pynform, 
lanceolate, and so forth, according to the species) 

The size of the nucleus is variable, but m general, it bears 
some relation to that of the cytoplasm. This may be expressed 
numerically m the so-called nucleoplasmic index (NP) (R. 
Herlwjg) 


Vn being the nuclear volume and Vc the volume of the cell- 
This NP mdex states that there is a relationship between the 
volume of the cj'toplasm and that of the nucleus, of such a nature 
that when the former increases, the second also should mcreasc. 
The lack of mamtcnance of the NP ratio ^vould seem to act as 
a stimulus to cell division. In general, the younger cells have 
more volummous nuclei, but this rule is not constant 

Almost all cells arc mononucleaie but there eiost also bx 
nucleate cells (some hepatic and cartilage cells) and poly nu cl eat e 
cells. In these last the nuclei may be very numerous (up to 
one hundred m the case of the polykaryocytes (or osteoclasts) of 
bone marrow (Fig 141) In the syncytia, which are large proto- 
plasmic masses not subdivided into cellular tcmtoncs, the nuclei 
may be extremely ninnerous Such is the case with the striated 
muscle fiber and with certam sj’phonal algae and the like, m 
which the nuclei may number several hundred. 

The position of the nucleus is variable but m general, char 
actenstic for each type of rpll- In embryomc cells it almost 
always occupies the geo m etric center but it commonly becomes 
displaced as differentiation advances and as specific parts or ^ 
serve substances are formed m the cjloplasm In these cas«jtbe 
changes in position almost always appear to be passive. Th ^ 
m the adipose cells, or m eggs nch in yolk, the nucleus is forcCT 
towards the periphery by the accumulation of paraplasm, 
glandular cells it is located in the basal position, tl^ ^ 

occupymg the apical cytoplasm. Whatever may ^ ^ 

which the nucleus takes up m differentiated ccHs, it almost ways 
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IS surrounded by a zone of cj’toplasm v\luch maintains rts im 
differentiated embryomc aspects In some rare cases, the displace- 
ment of the nucleus raa} be related to the nutrition of the cell 
(root hairs) 

Structure of the Nucleus 

In Chapter IH, in describing the microscopic structure of the 
nucleus m tlic livTng cell, we said that, with some exceptions, \Ttal 
or supravital observation reveals only the presence of a nuclear 
membrane or karyotlicca and of one or more nucleoli (Fig 12) On 
the other hand, m fixed and stamed material the structure of the 
nucleus is distinguished by its great complexity and vanes accord 
mg to the type of cell and the fixati\e used. In general, there can 
be distinguished (Fig 53 A) (1) a nuclear membrane or karv 
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Fi£ 53 InterphMic nuclei of panemtK c«lU ExAticn br tb« fzvezmg-drymg 
proceu. Af Aran (timing the nucleolus (m ml) the chromooemif filaments witb 
thetr enUrgod porbora (clirtinioc«iters) end th« nodf^r s*p »re seen. B Feulgeni 
retebon the nucleolus gi es ■ negvbie rvACbon m tfio nuclear Mp tlie rwebon u 
sligiitl} pcmbie. C Acbon of nbcinuclf«fc and stammg witli Azan. The imcleolm 
does not stsm, due to the digestum of the nbonnclesc tad. (D« BoherUs, Montes 
de Oct tnd Btfitele.) 

otbcca \%hidi appears m optical section as a Imo uell defined, 
both on the c\'toplasmic side and on tlic nuclear* (2) an unstamed 
or lightl} acidophilic mass, Uic faryohmph or nuclear sap 
uluch fills compictclj tlie nuclear space m which are found the 
otlicr components (3) flakes or Uvistcd filaments whidi contam 
chromatin, a substance \vilii charnctcnsUc stoming properties 
and which arc distributed tliroughoul tlic nudear sap and are 
united b\ a fine lightl} staining rclicidum. the linin In general, 
chronntm stains wiUi Iwsic stains i basicliromatin) but some 
flakes ma\ be acidophilic oMcliromalm) (4) flakes of chroma 
tin of coaler nature situated among tlic smaller ones, tlic chromo- 
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Centers or luiryosomes also called nucleinic nudeoh or false 
nudeoLu Tlie sigmficanco of these bodies, as well as that of the 
other chromatin granules, will be studied below (5) splicncal 
bodies or nudeoU often of considerable size (nerve ccU^ ovocytes, 
and so forth) and either single or multiple, which resemble the 
kar^osoracs, but differ by their staming aflinity wluch is, in 
general, acidophihc. 

The structures described maj present great variations m the 
different cells of an ammaL, and even in the same tj’pc of cell 
m different species Th 9 chromatin is the component which shows 
the greatest vanation In extreme cases, it maj appear m fine 
granules, giving the nudeus a dustj aspect, or m very large 
granules wliicli stain mtcnsclj In some cases, the diromatm is 
deposited on tlie mtomal surface of the karjothcca even to the 
point of forming a continuous lajcr beneath it (chromatic 
membrane) 

Another characteristic of the structure of the mterphasic 
nudeus is its great vanabibty under the action of different fixa 
tives The same material ma> present diverse aspects according to 
the fixative employed, Tlius, for example, ^vlih osmic ocid the 
nudear content is almost homogeneous, only the nudeoh being 
distmgmsbcd witli mercuric chlondo the chromatm is very 
coarse and the limn reticulum well dchnod witli Flcminings 
mixture (osrmc aad, chromic acid and acetic acid) tlie chroraatm 
IS less coarse and the aspect of U»c nudeus corresponds more to 
that mentioned above. 

Significance of the Nuclear Structure The venations which 
are observed in the appearance of the chromatin, under the 
action of different fixatives, and, above all, the apparent lack of 
nudear structure m h\mg cells and the results of raicromaoipula 
Uon (l>age 48) caused many authors to question the significance 
of the appearance of the fixed nudeus. According to this inter 
prctation, the mterphasic nudeus, with the exception of the 
nudeoh, would be actuallj homogeneous and the chromatin 
reticulum would result as on artifact of fixation This opinion is 
reinforced bj considerations on the aiUoidal nature of the nudear 
components The chromatin would be, accordmg to some authors, 
diffuse and would correspond to the dispersed phase of the 
colloid This, due to its great instabiht^ might be separated ou 
from the dispersmg phase by the action of the fixative ^ 
precipitate m finer or coarser flokes (Della Valle) Other 
admit the existence of two distinct phases the karfolympih^ 

IS considered as a colloid sufficiently stable to be preapitatim o y 
with acids and fixatives, and the J aryotin a more labile and com 



STB.UCTUKE AND CHEMICAL COMPOSmON 


139 


plex colloid dispersed in the haryolymph, \%hich would precipitate 
mth great facility through mechanical or weak chemical action 
(Strugger) The facts ated justify tlic opinion that one should 
^ cautious and, up to a certain degree, skeptical, as regards the 
presence of aggregates of chromatm in the interphasic nucleus, 
but they do not justify drastic and extreme conclusions because 
the evidences m this regard are:, for the most part, negative 
(Bensle>) 

The optical homogeneity showed by the hvmg nucleus does 
not implj the existence of a structural homogeneity smce hydro- 
phihc colloids, with a wide layer of hydration, may not be visible, 
even m the darkfield, cind, on the other hand, many appear when 
their hjdrophiha diminishes or when they precipitate Some 
authors ha^ e described m certain Lving cells the existence of a 
heterogeneity characterized by a denser portion m the form of 
granules or of a reticulum (Chapter IH) On the other hand, in 
nuclei apparently homogeneous, it xs possible to bnng about the 
appearance of a heterogeneity by mechamcal action (micromamp- 
ulation) by asphyxia, orccdatory alteration, action of various 
substances, and so on, and this modification is reversible withm 
certam limits (van Herwerden) Furthermore, with vital $tam 
one can demonstrate the existence of preformed structures m 
deed, if cells of the mtestmal epithelium of the frog are placed 
m an atmosphere of hydrogen, the nuclei stam with neutral red 
and show heterogeneity (Nassonow) Definite results have been 
obtamed applymg the method of fixation by freeTang and drying 
by means of whudi all the mconi emences of chemical fixation are 
avoided- In no case was there found a homogeneous distribution 
It was proved, on the other hand, tliat the nuclear structure is 
Similar to tliat ^^hlch is demonstrated bj the best (^'tological 
methods of fixation (Fig 53) 

All these facts permit us to affirm tliat, although the hvmg 
nucleus may be optically homogeneous, tlus does not signify that 
there IS a structural homogeneity This structure, altliough it may 
bo somewhat altered by the fixati^'es, actually exists and is char 
actenzed by the segregation of tlie cliromaun m special regions 
of tlie nuclear space Ncvcrtlicless, the image of fixed nuclei 
should not be accepted without a critical atuiudc because, besides 
the true structures, Uierc arc otlicrs, such as the liniTt, which seem 
to be tlio result of a protem precipitation 

The structure of tlic interphasic nucleus has considerable in 
terest from tho cx'togcnctic poml of mcu The modem mter 
pretniion of the mechanism of heredity is based on tlic idea that 
tho chromosomes which appear at tlie tune of duTsion, are 
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autoi^mom and that thej are continued through the inlerphasic 
nucleus and the succeeding divisions The chromosomes vrould be 
the bearers of the genes or hereditary factors m the different 
cellu la r generations end for this reason, even in the mlerphasic 
micleus, are regarded as permanent structures, preserving a cer 
tain individuality' Modem cytological studies, particul^y on 
plant cells, permit us to affirm that the autonomy and contmuity 
of the chromosomes actually exist (Sec Chapter ^^IL) 

The chromosomes are composed of t>vo fimdamental parts 
the chromonema and the matrix (see Chapter VUI) The former 
IS a twisted chromatic thread wluch forms a kmd of structural 
member for the chromosome. The second is a substance which 
impregnates the chromonema and which, at certam moments of 
division, hides the chromonema. The chromonema is the only 
part of the chromosome which persists in the mlerphasic micleus 
since the matrix appears only dximig drnsion (Fig 53 A) 

According to thi< mterpretatioii, the chromatm filaments or 
chromonemata which are found m the mlerphasic nucleus (see 
Chapter Vjji) represent, m this state, the chromosomes. Furt!^ 
more, the chromocenters or karyosomes, also called false nucleoli 
or chromatin nucleoli, are more condensed zones (heterochro- 
matic) which have retained part of the matrix of the chromo- 
some. In some cells there exi^ a single chromocenler for each 
chromosome and, m this particular case, one may determine the 
number of chromosomes by countmg the karyosomes of the mter 
phasic nucleus. In general, the counting of the chromosomes can 
be done only during cell division. 

The suhnucroscopjc structure of the nucleus is described m 
Chapter IV 

Physicochemrcal Properties of the Nucleus 

The specific graint) of the nucleus is, m general, greater than 
that of the basic cytoplasm. Of the different nucl e a r structures, 
the one with the greatest specific gravity is the nucleolus whidn 
m some eggs, is sedunentated dmectlv by the action of gra^^ 
^^’ith ultracentnfugation the nucleus is d^ormed and the nucle^ 
struct u r e s are stratified m the following layers (from the centru 
ugal to the centripetal pole) (I) nucleolus, (2) basichromatm- 
(3) oxychromatm, (4) karvolyinph (Beams) 

The nsconty of the nucleus is variable In some cases rt seems 
to be greater than that of the cytoplasm, m others, scarcely twice 
that of water like the fundamental cytoplasm, the content o 
the nucleus possesses "stmctural viscosity ” that is, it reacts e 
a thixotropic fhnd capable of reversible solation and gelation. 
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property mn be recognized especially with rmcromarupulation 
the mechanical agitation of the mKToneedle is sufficient to pro- 
duce localized gelations m the nucleus 

The nuclear pH determined by nucromampulation, is more 
alkalme thnn that of the cytoplasm (7 6 to 7 8) (Chambers) on 
the other hand, the buffering power is very smalL 

We saw m Chapter IH that one of the characteristic prop- 
erties of the cytoplasm is that of forming a new membrane (m 
the presence of the Ca** ion) when the superficial cytoplasm is 
ruptured. This property does not exist m the nucleus, so that 
when the nuclear membrane is broken the karyolymph flows out 
and the nucleus collapses without showing any tendency to 
repair This different behavior may be due to the differences 
which exist m the electrical charge. The cell membrane gen 
erally has a negative charge, while the karyotheca has a positive 
charge for which reason it could not combme with cations such 
as the Ca** ions If we grant that the appearance of a new film 
18 dependent upon the formation of a calcmm protemate, tlus 
would explam why the nuclear membrane lacks the property of 
repair (Qiumey) 

In contrast to the nuclear membrane, the chromosomes and 
nucleoli react in the electric field m a distmct manner and appear 
to have a negative charge 

Hie midf*r ckromatm, from tlie elcctroduniital pamt ot Ti«w u ui unpholrtt, 
haring at the aame hme both poartiTe and negatiTe chargee, and the behanor of the 
m^ecnle u a whole with t e»p* c t to the external charge depends u pon the pH 
of the medium At certain pH’s it beharet as a cation (-f) and u displaced in the 
electric field (electnjdioretis) tot\ard the ncgaO e pole on tha other b«Tw1 
ether pH’s it acts u an amon ( — ) and goes toward the positire ptde. Thera exists 
a definite pH at which both charges are equal and the protein u not displaced tonrd 
either poJ#. This u called the isotUctnc pourl of thm protnm (IP) (see Qiapter H) 
The uotUuiic point of tfu e hr omatxn was determined by the staming of T red 
structures wuh ead and basic stains at different pH’s It was fotmd that when 
the pH IS raned the chinmatm b etamed with the aod as well as with basic stains, 
and that the uoelectnc point raries between pH 3 and 5 (Ptschmgcr) It u liit a i e st 
tng to recall that the IP of the nocleic aad u 2 end that of tustaae 8 5 Recently it 
was possible to determine the isodectnc posnt of the midens by electrophoresis. 
Nuclri of the ceDs of the salirary ^ands of Dnsophila showed an IP at pH 3J to 
3 6 for the chromoeoiim and at pH tO G to 1 1 6 for the membrane. The IP of such a 
high Taloe diown hy the kaiy otheca makes ua think that this stmetnre may be cod- 
•trtnted particnlarir by basic proteins, that u, those which contam many basic 
ammo aods, such as histidme, Irsine and arghuna (Qmma) ) 

Giemical Composttion of the Nucleus 

A greet part of our present knowledge of the chemical compontioQ of the 
nucleus comes from the clasneal chemical studies of hrescher (1869) and Koasel 
(1891) on cells of poi, spermatozoa of fisbet, hemolyied erythroc>t« of birds aad 
leucocytes and celb of the thymus and li er submitted to peptic digestson. In 
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ncent j«an, it has been pouible to co n O r m these resnlts and to Tn* Vo n i't f , 

doe to the dereloxonent of mothnrk for the isolatioa of nuclei (Fi^ 54) ortd for the cx 
trsctran of nucIeoproteinA. 

All tlieso studies indicate that the most important components 
of the nucleus maj bo nucleoproteins wluch are conjugated pro- 
teins resulting from die combination of nucleic acid with simple 
proteins In the spermatozoa of tlio trout, the nucleoproteins 
constitute more than 96 per cent of the solid material and the 



Fig 54 Inlated nnclel of hepetie cdli. (Courteey of A L. Donnee.) 


isolated nuclei of erythrocytes contain almost 100 per cent (Mir 
sky and PoUister) Tho protein part is composed essentially of 
Uvo strongly basic protein types protamines and histones, Re- 
cently it has been possible to isolate another protom compontmk 
not well identified, which contains sulfur (Mayer and Guhek) 
Protamme seems to be found onl^ in tlio spermatozoa of some 
fishes on the other hand, histones liavo been found m all tlie 
other cells which have been analyzed. Histones constitute quanb 
tatively an important part of Uio nucleus for example, m e 
erythrocytes of birds they represent 40 per cent of the dry weig t 
of the nuclear material. From tlicsc results it follow* tliat e 
nucleohistoncs appear to he very important components o e 
nucleus and, m particular of tho chromatin. 

Recently doubt has been cast on tlio idea that tlie 
part of the nucleus is exclusively histone and it even has 
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affirmed that the pnncipal component of the nucleus is an aad 
protein, called cJiromosomin ^^lllch \^ould constitute from 50 to 
72 6 per cent of tlie nucleoprolems (Stedman and Stedman) this, 
however remains to be Confirmed- 

According to Mirstj and PoUister the nucleus contains a 
complex nudeoprotem which they call chromosirL, which con 
tains three components desoxyribonucleic acid, histone and 
nonhistone protem The nucleic aad is m highly polymerized 
condition, is veiy ^' 1 SC 0 US when dissolved, and fibrous when pre^ 
apitated- Histone contains onlj traces of tryptophane, while the 
nonhistone protem contains about 1 per cent of this ammo aad. 

Nucleic acid combines wTth a protem in a sal dike union which 
IS not \er 7 strong and ma> be broken svith relative ease It 
has three components phosphoric aad, carbohj drates and puime 
and pynmidme mtrogenous bases According to the theory of 
Levene, nucleic acids appear to exist as tctranuclcotides, that is, 
m aggregates of four nucleotides each of which results from the 
combination of phosphoric aad with a carbohydrate residue and 
a nitrogenous base (see Chapter H) 

Two pnnapal classes of nucleic aad have been described, 
differing essentially m tlic type of carbohydrate Thus, (1) the 
tkyTnonucleic aad or desoxynbottudeic aad or desoiy'pentose 
nucleic aad is found m nuclei and contains desoxynbosc, and 
f2) ribonucleic aad or pcntosenucleic aad, isolated originally 
from yeasts, contams the carbohydrate nbose Tlie other com 
ponents (phosphoric aad, punne and pyninidine bases) are 
almost similar m the tv\o types of nucleic ead- 

Th^ porme bese< art adenme ^uuuao and the pyrimidinat, ertotine, thrmiiit 
and tmcll. In Figure 55 m indicate the form m v^hicli thete mtrogenoua baM are 
comilnad with the carbohjdrato and the phtwphonc aad to constitnte the nucleoddea. 
It can he appreciated, furthermort, that the deaoirnbooudoc and nhctnuclaic 
•adj difler from each other not only with reaped to the pentoaa, but alao in theu- 
PTnnridipe bate coDtenU Tbymme u found m the former bat U replaced by uracil 
m the Utter This Uat difierence, netcrthelesa, has no histochcmical 

Tlie available evidence from the hterature seems to support 
the theory of the tctranuclcoUdo structure first proposed by 
Lc\cne (Greenstem) Accordmg to this, the four different nucleo- 
tide residues arc bound togcUicr by phosphate-ester Imkages (Fig 
56) Ho^ve\er isolated dcsoxyxibonuclcic aads ore \*cry highly 
polymerized and die molecular weight ranges between 500 000 
and 1 000 000 or more Since tlie molecular weight of a tetra 
nucleotide is about 1400 a molecule of such a nucleic aad may 
contam 500 to 1000 tctranuclcotides Tlie molecular weight of the 
nbonuclac aad is generally much lower 
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Sodium salts of desoxynbonucleic acid form fibers \ 7 ith in- 
tense negative birefringence and m aqueous solution show strong 
negative streammg birefringence and structural viscosity Elec 
tron microscope studies of nucleic acid show long branching and 
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anastomosing fibrous processes fScott) AU these properties m 
dicate a considerable molecular asymmetry This molecular asym 
metry and the tendency of the nucleic aad particles to become 
onented under stretching are also re>’ealcd by the dichroJ^ 
sho\vn in the ultraviolet light (Caspertson) Witli ultravio et 
polarized hght it ^*85 found that the absorption at 2600 A is hig ^ 
for light polarized \vith its electrical vector perpendicular to e 
stretching, and lower for hght with its vector paialleL 
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\.yf^clear Beaction of Feulgen — Thymonucleic aad tates part 
m the composition of the nuclear nucleohistones, but modem 
studies have demonstrated that ribonucleic acid is also found 


m some structures of the nucleus and constitutes an important 
material m the cytoplasm of many cells (see below) From the 
histochemical pomt of view the topography of thymonucleic aad 



R*. 50. Movt groermlly acccptaj stcrvochcimcal formula of docgTubonuclcc 
Thij molecult u thontht of u a colonm of sutleotrda m rvluch the purmo and 
pyiumdme basei at r\eU as tha rufar rmgi arc coplanar and parpendicular to tht 
ptiorpliata chiiu, Tbt published data from the phvyuixhemical itodiica are numnamed 
and th« rang* of lengths, fridths and fpeangs b e t nee ii the nnjs u indicated. The 
•IbpM belorr represents the negatire imianal binfnngence and dichroum of the 
aod. (Courtesy of J Scott.) 


can be studied by means of the nuclear reaction of Feulgcn This 
method consists m carmng out an aad hj'drolysis and then treat 
mg the tissue ^^^th Schiff** reagent (fuchsm decolorized with 
mlfur dioxide, Icucofuchsin) The parts ^\hlch contam tli}Tno- 
nucloic aad gi\e a positive reaction (recolor tlie fuchsm) be- 
cause of the presence of the dosoxynbosc On tlic other hand, tlus 
reaction is completely negattve for ribonucleic aad. 

Applied to cells, tlic Fculgcn reaction is positive m Uic nucleus 
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and negati\e m the cytoplasm (Fig 53 B) In tho former, the 
chromatin of the chromoncrna and tho chromocenters gives an 
mtense reaction, while that in the nucleolus is negative. After 
fixation by freezing and drying a slight positive reaction has 
been seen in the koryolymph (Bensloy) 

Another modem method for the hikochcmical study of nucleic 
acid IS that of tho absorption spectrophotometry in the ultraviolet 
This has been applied to cells and tissues by Caspersson, and 
has given important results 

Absorption Microspectrophotometry in the Ultraviolet Van 
ous organic substances may possess a characteristic absorption 
spectrum whicli may manifest itself m a particular spectral 
region, as m visible light or m tlio infra red or ultravioleL Thus, 
for example, if a solution of hcmoglobm is traversed by white 
light it shows a specific absorption band at 5590 A. This property 
of absorption which, when it occurs in the visible spectrum, deter 
mines the coloration of various substances, depends upon molec 
ular, atomic or clectromc resonances In organic compoimds 
such resonances arc often present on a definite part of tho mole- 
cule called tho chroraophoro, wluch is ordmanly a chemical 
group possessmg unsaturated bonds 

Most organic substances composing tho coll do not absorb 
visible light and, for this reason, aro colorless. On the other hand, 
some of them, such as nucleic acid, have a typical absorption m 
tho ultraviolet spectrum (Fig 63 B) The curves which are ob- 
tamed with tho spectrophotometer are cliaractcnstic and aid m 
tho identification and localization of sucli a substance whore it is 
encountered Furthermore, the height of tlie curve is proportional 
to the concentration so tliat quantitative measurements can be 
made. Absorption microspectrophotometry thus carries out one of 
the aims of histochemistry, smeo it permits not only a quahta 
tivo study but likewise a quontitativo study of certam cellular 
components Anotlicr of the great advantages of this method is 
Its high degree of sensitivity According to Caspersson, quantiUes 
of nucleic aad of mg can bo determmed m an area of 1 m* of 
a section 

The necessary apparatus consists of (1) a source of hgni 
which gives forth a spectrum nch m ultraviolet radiation 
as a mercury arc) (2) a monochromator or a set of filters which 
separates the light ermtted into distinct spectral bands an 
which permits a narrow raonochromaUc band to pass tliroug e 
optical system of (3) a microscope with optical system mode of 
quartz^ or of other dielectric material permeable to tlic ^ 
violet iiy which the preparation is studied, generally unstain 
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and (4) a system to measure the absorption (Fig 57) The 
measurements can be earned out of the desired wavelengths bj 
means of a photoelectric cell or by a photograpluc method usmg 
cahbrated plates In this case, the absorption curve is ohtamed 



Fig 57 Appentus for abKxrptKm mjcrojpetli opbotometry of Ca*p«rstaa. A 
nmr ur y Uinp B toagftea band lamp C mooodirTmiator D tecond monochromator 
tht E, lens F morabla 90 qoartx pntrn. G quartz plata (used with photoc^ I 
to compemata for changes in the lamp) f/ condenser / obj^^ F ob)ectna. L, 
ocolar whh adpistable diaphragm. M accurate]} movable prism of molten qoartz. A 
rotating sector O telescope for ce ntal m g P Kohler’s rotating spark gap airango- 
mart P, photocell S electrometer T leakage resistance. £7 four step pote ntk aneter 
X camera Y Kohler focuser for tha ultraTiolet, interchangeable with prism it 
(From C as p etaon ) 


by mcQSunng Uie degree of darkening of the plate v\ntli a 
densitometer 

The image of a section m ultra\*iolcl light vanes %\Tth the 
\\-a\clcngth cmplojcd ^^^tll ^^a^elcngtlls close to tlic visible 
spectrum (3600 to 3000 A) tlicre is ^ cry httlc absorption and 
cellular stnicturcs arc not distinguishable If shorter radiations 
(3000 to 2300 A) arc used, differential absorption is apparent 
and readies a \*anQblc maximum according to the chemical com 
position of structures m tlie material Thus, for example, protein 
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and negame in the cytoplasm (Fig 53 B) In the former, the 
chromatin of the chromoncma and the chmmocentcrs gives an 
mtense reaction, while that m the nucleolus is negative. After 
fixation by freezmg and drying, a shght positive reaction has 
been seen in the kaiyol>Tnph (Bensley) 

Another modem method for the histochcmical study of nucleic 
acid IS that of the absorption spectrophotometry in the ultraviolet 
This has been appbed to cells and tissues by Caspersson, and 
has given important results 

Absorption Microspectrophotometry in the Ultraviolet Van 
ous orgamc substances maj possess a characteristic absorption 
spectrum which raaj manifest itself m a particular spectral 
region, as m visible light or m the mfra red or ultraviolet Thus, 
for example, if a solution of hcmoglobm is traversed by white 
hght it shoi\s a specific absorption band at 5590 A, This property 
of absorption which, when it occurs m tlie \'isible spectrum, deter 
mmes the coloration of various substances, depends upon molec 
ular atomic or electronic resonances In organic compounds 
such resonances arc often present on a dofimte part of the mole- 
cule called the chromophorc, which u ordinarily a chemical 
group possessing unsaturated bonds. 

Most orgamc substances coraposmg the cell do not absorb 
visible light and, for this reason, arc colorless. On the other band, 
some of them, such as nucleic aad, have a typical absorption m 
the ultraviolet spectrum (Fig 63 B) The curves which arc ob- 
tamed \vith the spectrophotometer arc characteristic and aid m 
the identification and localization of such a substance where it is 
cncoxmtcred. Furthermore, the height of the curve is proportional 
to the concentration so that quantitative measurements can be 
made Absorption microspectrophotomctry thus cames out one of 
the aims of histochemistry smcc it permits not only a qualita 
live study but liFewise a quantitative study of certam cellular 
components. Another of the great advantages of this method is 
its hig^ degree of sensitivity According to Caspersson, quantities 
of mideic aad of 10"” mg can be detennmed m an area of 1 p of 
a section. 

The necessary apparatus consists of (1) a source 
which gives forth a spectrum nch in ultraviolet radiation (m 
as a mercury arc) (2) a monochromator or a set of filters whi 
separates the hgjrt emitted into distinct spectral 
which permits a narrow monochromatic band to pass throu^ 
optical s } - slein of (3) a microscope with optical system made o) 
quartz^ or of other dielectric material permeable to the 
violet by which the preparation is studied, generally unstam 
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and (4) a system to measure the absorphon (Fig 57) The 
measurements can be earned out of the desired iratelengths by 
means of a photoelectric cell or by a photographic method usmg 
calibrated plates In this case, the absorption curve is obtamed 



Fif 57 ApponUn for tbaorpoon iiucro*pcctropliotocm«tT 7 of CasperMon. A, 
mercury lamp B tungsten hwnrl lAmp C moaodiromaKn' D teemd mocochroiiiator 
iliL £, lexLi F morable 90 quartx prism. G qoam plaU (turd -with pbotocill V 
to compeuate for dianges m die larnp) H amdenser / object. K ob5ectiTe. L, 
ocular mth adjustable diaphragm. M accuralalj root able pram of molten quartz. N 
rotating sector O telescope for centering P Kohlers roiatmg spark gap arrange- 
menL fi, pbotocelL 5 riectroroeler T leakage rcsutance. V four-step potentiometer 
X camera T Kohls focuser for the ullranolct, mterchangeablt with p i w m 
(From Caspenson.) 

by measuring the degree of darkening of the plate with a 
densitometer 

Tile image of a section in ultraviolet light vanes ivith the 
uaiclength employed Witli \^■a\*elcngths close to the visible 
spectrum (3600 to 3000 A) tlierc is \ctv little absorpuon and 
cellular structures arc not distmguishable If shorter radiations 
(3000 to 2300 A) arc used, differential absorpUon is apparent 
ond readies a \anablc maximum according to the chemical com 
position of structures m tlie raatenah Thus, for example, protem 
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structures give a maxinium absorption at 2800 A (Fig 61) while 
nucleic aads show a characteristic peak at 2600 A (F% 62) 

The specific absorption of nucleic acid (2600 A) is due to the 
presence in the molecule of punne and pynmidmo bases and, for 
this reason, is similar in both thymonucleic and nbonuclcic aad. 
This fact, cspeaallj has a particular mtcrest because, as will be 
recalled, the nuclear Feulgen reaction is positive only for the 
thymonucleic acid The two lustocliemical methods complement 
each other Microspectrophotoinctry permits the localization of 
tile two types of nucleic acids without distinguishing between 



Fif 58 Ultriyiolet photomicrognph in tbo b*nd 2560 A Interpluslc riacltu* 
ctromoMmei In a prvparatian from the tcfUi of tha I ncuO . 

them, wlulc tlie nuclear reaction of Fcrulgen sliows the presence 
of thymonucleic acid. comparing tho ri^ulls from each method, 
the distribution of the nbonucloic acid can be determined tins 
IS very important m the study of tlio clicmical coinfiositJon of the 
nucleolus and the cytoplasmic locahzaiions of tlie nucleoprot^ns 
With till* method it has been proved that nucleic acid has fl 
wide distribution m nuclear structures and that it exists not oiuy 
m tlio basichromatm, but also in the oxyebromatm and in the 
nucleolus (Fig 58) The content of nucleic aad vanes 
different functional stages of the cells of serous secretions This 
may indicate that this substance takes part in tlicso metabo ic 
processes During coil division, tlio nucleic aad is localized cx 
clufiivelv m tlic chromosomes and increases in the prophaso o 
mitosis before ^0 reduplication of tho genes m tho cliromoMincs 
(Chapter Vmi, later dinunislung at tlic tcrmmation of Uie 
division kTms fact would indica e tliat tlio n » ad p y* an 
essential rolo m coU divisi^ persson) 

In addition, changes f ected v 


crospectro- 
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photometric tecluuque concerning tlie nature of the protem of Hie 
nucleus The more complex protem decreases as tlic amount of 
histone mcreases and reaches a maximum at metaphase, decrcas- 
mg m telophase. However studies of lustones extracted from 
nuclei tend to contradict these results as tlie absorption spectrum 
of the histone did not differ from that of a higher protein (like 
albimun) (Mirsky) 

A complementary method for the study of the chemical com 
position of the nucleus is the employment of enzjmies svhich 
specifically digest certam nuclear components If proteoly'tic 
enzpnes (pepsin, trypsin) are allowed to act, the nuclear struc 
ture* lose their mdividuality and fuse together but the nucleic 
acid persists (Caspersson) on the other hand, if nucleotidase is 
allowed to act, the nucleic aad disappears, but tlie protein part of 
the chromosome persists (Mazia) These studies seem to demon 
stratc that the chromosomes possess a continuous protem skeleton 
upon which their structural mtegn^ depends 

The content m hpids of the nucleus is far below that of the 
cytoplasm 

llie distribution of mmcrals can be studied by means of 
rmcroincineration. In the spodogram it is seen that the nucleus 
has a greater concentration of ash than the cytoplasm, the ash 
being composed of phosphorus, potassium, sodium and particu 
larly calcium and magnesium- These ashes are foimd, apparently 
m greater proportion m the chromatic structures RocenUy it has 
been jxissible to show the localization of calcium and magnesium 
m the nucleus by means of the emission electron microscope 
(Scott) 

Oiemicol Composition and Function of the Nucleolus 

As \vas said abo^e, the nucleolus gi\cs a negati\-e response to 
Fculgcn s reaction, which mdicalcs a lack of thymonudeic acid 
(Fig 53 B) Its cliemical composition \vas clanCed by means of 
' the absorption nucrospcctrophotomctry m the ultraviolet The 
nucleolus shows a tyTUcal curve -mtli an absorption maximum 
at 2600 A (nucleic aad) and another at 2800 A (protem) These 
two fmdmgs demonstrated that th e nucleolus contains ribonuc leic 
aci^ probably m the form of nudooprotcin (Caspersson and 
Sclmltz) Similar conclusions \vcrc reached usmg nbonudease, 
an enzyme wludi digests nbonudcic aad (Brachet Gersh Dc 
Robertas, Raffaclc and Montes do Oca) However the nucleolus is 
g^crolly surrounded by a nng of Fculgcn posiUvc chromaUn 
(Fig 53 C) 

In a senes of erpenraents, the chemical coraposiUon of the 
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nucleolus was studied in relation to genetic control (Casporsson 
and Schultz) It vs as found that cither rcarrangcinents in the 
hetcrociironiatic regions of the cliromosomes in Drosophila or tex 
differences produced diangcs in the proportion of protein to 
nucleic acid and in the type of protein of the nucleolus. 

The function of the nucleolus and particularly the ngnifi 
cance of the eyebe changes whicii it shows in mitosis, have eluded 
cytological interpretation. It lias been known since early tunes 
that the nucleoli of tjie mterpliasic nucleus disappear at the ho* 
ginning of cell division (prophaso), at the same tune that the 
clironiosomes increase their content of cliromatin, and that, at the 
end of division ('telophase) the nucleob reappear at the same 
time that the chroraatm dmuuishcs The relation which ousts 
between the nucleolar cycle and tlic chromosomic cycle has been 
clarified in part by tJio demonstration, in plant cells, that iho 
nucleob arc in intimate relationship with certam cliromosomes 
Each nucleolus bes in contact with a chromosome and this pos- 
sesses at the pomt of union a special region called the organizer 
of the nucleolus (sec Chapter Vni) Tlie nuclear matend is de- 
rived (in the telophase) from all of the chromosomes presentt but 
it u accumulated and organized only in the region of the or 
ganizcr of the nucleolus Tlus region of the chromosome, which u 
hcterocluonxatic (Qiapter VUI), would be bound up with the 
cliemical cjcle of tlio ribonucleic aad of the nucleolus just as the 
other heterocliromatic zones of the chromosomes would be related 
to the synthesis of thyraonucloic acid and to the content of ribo- 
nucleic aad of the cytoplasm (See below ) 

Cytoplasmic Localizations of Nucleic Add end Chemical Com 
position of the Chromidial Substance 

For some time it has been suspected that there may bo an 
mtcrchange bcUvecn tlie nucleus and the cytoplasm, espeaallv 
characterized by the passage of nuclear substances to the cyto- 
plasm, Subsequently, studies earned out by means of the Feulgoa 
reaction appeared to negate completely the existence of siich an 
mtcrcliange, since, while tins reaction is positive m the nudear 
ciiromatm, it is nogBti>c in the nucleolus and m the cytoplasm 
(Fig 53 B) 

However the presence of nbonuclcic acid in cytoplasm 'vas 
demonstrated first m plant cells by separating the nuclei from 
the cy^plasm (Behrens) It was found that the cytoplasm ron 
tarns nbonucleic acid while the nucleus contains th 3 Tnonu cic 
aa<L More recently it has been possible to sliow tliat ^ 
active growth contain ribonucleic aad in the cytoplasm ( 
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penson and Schultz) Thus, at tho tip of the root of the garlic 
plant, the cytoplasm of the cells, m regions showmg numerous 
mitotic figures, has a cun c of absorption tvith a typical maximum 



at -600 A, while tins is lockmg m tlie cells at tlic base of tlic root 
(where no mitoses exist) In the osocytes of tlic sea urclun the 
cytoplasm next to tho nucleus has tlic absorpbon cllaractensUc 
^nucleic acid, but tins is lockuig m tho pcnpherol c3-toplatm 
1 ms Inct brmgs up again tlic problem of the extrusion of nucleoh 
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from the nudeios This Ttucleolar extrusion has been described in 
the ovocytes of different species by vanous authors In the tcleosls, 
the ovocj’tes have, at a pf^cular tune in development, numerous 
nucleoh which adhere to the karyotheca and, in more advanced 
stages, bodies with the characteristics of the nucleoh are found 
not only within the nucleus but also m the perinuclear cyto- 



heterochrtnaatu: 5 cbromocenteri 6 inieri»»J>d. (Fran ) 

Rjgki Dugrmin of tl»« strocture of tho **J '•JT nuclttis 

B heterochranutuu C rrodeolon DN dwoxynbcoDcJecOdw, RN riW[nidro&^ 
£, protein of tlio hi^er typo (co*gul*blo)i Uu pnrtemf rvh m ^•*®*^***' , 

Immj nid»c*te* large qoontltiai hrocleti, tmall qoantitia (From CaJp«*»<“ } 


plasm Tills nucleolar extrusion has been also studied m isolat 
gcmunal \esicles of amphibian e^s (Duryeo) The presence o 
ribonucleic acid in the cytoplasm coiild be due, in part, to e 
passmg out of nucleoh, but this would be an cxcopti^al type 
of mechanism The synthesis of ribonucleic acid could be 
out directly m the cytoplasm next to the nuclear mem ran 
(CaspeTSSon and Schultz) This nucleic aad vrould ^ ° 

reserve for the buildmg of the chromosomes m the segmen 


On the otlicr hand, in cells of the chick embryo it 
found that the content of ribonucleic aad is greater in 6 
stages of development, as it is in yeast cells in 
(Caspersson and Thorell) In Figure 59 it is clearly 
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the content o£ nbonudeotidcs of the cj-toptasm, as measured bj 
t)io peak at 2600 A, decreases contmuously mth the tune of 
development and reaches a muumum m the newly hatclied cluck 
In Figure 59 other diflerenccs in tlie shapes of the curves are 
seen, which the autliors attnbute to difiercnces ui the proportion 
of histone-hke to coagulahle proteins which have a lower con 
ccntration m hexonc bases (histidine, lysme, arginine) 


Fig 61 Ultnnolct pbcKatmcrognph of pancreatic acbu froxca emd dned, taJura at 
2S03 A{ the granule* of ti coogen are dtttmgunhfd by their greater degree oi 
■beorptun. 

Fig 62. Tb« ume aom as to Fig. 61 m the band 2650 A, the nuclei and 
the chromidial lubttance are dtstingtmbed bjr thar greater degree of absorpCon. 
(De Robertu, Nuflez and Del Conte.) 


According to Caspcrssoa, the long;er ^va^c inaTima (beyond 
2800 A) ore cliaractcnstir of the histone type of protein, in which 
ihc licxonc bases prodominatc Tlie shorter maxima (below 
2800 A) correspond to more complex proteins All tlicse facts 
seem to indicate tliat the ribonucleic acid of the cj'toplasra, like 
that of Uio nucleolus, plaj’S an important role m the metabolism 
of the nucleus during tlie stages of dmsion and of protoplasmic 
growUu 

Chromidial or basoplulic substance is found cspcciollj in the 
cjtoplasm of none cells and m cells of serous secretion, and u 
cliaractcriTod bj its intense coloration \%nUi nuclear stains In 
belli cases, tins substance is insnsible in the htTng cell, but as- 
sumes dcnnite forms after fixation (Nissl bodies, basal laminae, 
and so fortli) AlUiough numerous auUiors since the time of Hcrt 
Nwg (1899) Irnve tliought tliai it u chemicaUs unular to nuclear 
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^bstance and even nipported the idea of its nuelear on/nn, Wo- 
^^cal atwlysa could not demonstrate tins to bo tni^ecausc 
adequate methods RccenUy mth absorptim 
^irophotometry It has been found that both tlio^issl bodies 
f^c nerve cells (Cospersson, Gersh and Bodian) and the basal 
sufetanco of sctom cells (Cospersson and coUcagues) contain 
lucleoproteins of the nbonuclcic acid typo 



^ lh« CM of the ezocruie pencreat, which we thall teie ** «n oeinple, tb* 
oi«J pert of the cell emtauu ■ hoi uogeu e u ui luhttaflce, the cfuvmUx*i suhsttne* 
wbi(± ttamj mtentely with toloidin# blue (Ft* 64) while in the tpkel part tbare 
are loand ryTnoflen franule* Aj^ynig tha FeolfWi method to thi* booe, th® r*- 
acO« prorri to be poaitiTe in tb* nncleita, bot eomplrtaly negatlra in the cytoplattB. 
a ff pd m g which dazmirtratei the abaenco of tbymcnueleic aod in the cytoplann. 

If an tmftauMd aectioe moaoted in glycerin U o L e ar r ed with the nltrrriolet 
micro^ope. It a that the ahaoiptUQ Tines with the waTelength employed and 
with tha part of the cell under conodcirtJOcL Thus, the apical regioD which ce nta hu 




STRUCTUKE AND CHEMICAL CO^rPOS^^ON 

tht iTino*en rtWh abtort* eJpecuUy at 2803 K (Fik- 61) 
tha (rther K.n.1 , the baial regwn (hem* m m«TTmmn absorptian at 2S50 A (l-ip b-) 
The abwcptioii exmw of the b«« of th« cell iW > typical mammnn In^e 
Beiflhlwrhood of 2600 A with a hi^ aitroctuai coefficient (Fi*. ® 

^.^nmrr, coiDodcj t'ocTlj With tiut whkh b gfreii hy imcloc mad (Fi^ ^ B) 
and thoj denjamtrata the emteoca of a hi^ coDCantratian of imcleo^et 
part of the cell The cam corrtfpondmg to the mo of the grannie* differ* (Fig 
63, 3) thowing general charwctobtici fimtlar to that of a rim p le protem (Fig. 
63, A) Thij rigmfie* that the coir^iontian of the xymogoj is easenhally protem in 
natora. 

EnzjTnaUc methods of Imtoclienucal analysis have likci;3ise 
demonstrated ribonudeic acid m the Nissl bodies (Gersh and 


F g. 64 Prancreatic acuu frtcmi and dried and stained with toliudine blue. Th* 
chro midj al rubstaoce appears intensely etamed. 

Fig 65 Same as Fig 64 bnt after digestioD with rihcmucleasa the chromidial 
sahstance hat disappeared. 

Bodian) and m the basophilic substance of sccrctoiy cells Tlius. 
for example, if pancreatic colls arc treated v\ith nbonucleasc, an 
cnrjTnc %vhich hjdrolyzcs nbonuclcic acid, the chromidial sub- 
stance disappears complctclj and can no longer be stained b\ 
baste dyes (Figs 61 and 6o) 

Similar studies hate been earned out on a senes of cell tj'pcs 
'Mill ultraviolet absorption (Cnspersson and colleagues) and the 
use of basophilic slams associated \4nUi tlie action of nbonucleasc 
(Bmclicl) It has boon seen tliat in manv cells where the cj-to- 
plasm is mtcnscly basophilic such os m tlic parotid gland, the 
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chieS cells of the stomach, the basal layers of the the crypts 
of Lieberkulm, the hair follicles, the regenerative buds of animals 
and plants, there is a considerable quantity of ribonucleic aad. 
Plasma cells and lyraphocj'tes to \%hjch have been attributed the 
elaboration of some of the globulins of blood plasma also contam 
a considerable quantity of cytoplasmic nbonucleic aad (Bing, 
Fagracus and Thorell White and Daugherty) In the lympho- 
cytic senes, it is noted that in the large lymphocyte* there is a 
high concentration of nbonucleotides m the cytoplasm and at the 
same time a large nucleolus mth a negative Feulgcn reaction 
on tho other hand, the small lymphocytes lack a nucleolus and 
arc poor in cytoplasmic nucleotides SrmiJar results are found m 
the cells of the myelocytic and crythroblastjc senes (Thorell) 
The same conclusion, namely that tho ribonucleoprotems are 
relatively frequent components of the cytoplasm, has been reached 
by a completely different line of investigation- Chemical analysis 
of microsoraes, isolated bj ultraccntnfugalion from vanoitf ccUs, 
shows that they contain nlionuclcic aad, and that there is a laigc 
quantity of this compound in most of tJic cells which arc re- 
producing actively such as those of embryos and of tumors, and 
m the glands which ha\c abundant bosophihc niatenal (Claude) 
Modem studies show that the distnbubon and importance 
of the nudcoprotcins m biology arc much greater than bad been 
supposed earlier These compounds arc found in all organic 
structures %’khich, like the chromosomes and viruses, are capable 
of autoduphcation, and their presence in the cytoplasmic micro- 
somes leads some to suppose ^hal these likewise might have the 
power to reproduce themselves According to these concepts, the 
nucleic aad of the cytoplasm has an active part in the synthetic 
phenomena charactcrmngccll division and protoplasmic growth, 
and in the elaboration of proteins on the part of gland cells. 

These facts, as avcU as others which ivill be mentioned m 
Chapter VITI, have been interpreted by Caspersson as supporting 
a general theory ^^hJch relates protein sjuithcsis wth motabohsm 
of nucleic aad in all living organisms According to this th ^ty 
the nucleus and, m particulor tho chromosomes, are consider 
as the center of protein sjmthcsis In the diagram (Fig 60) the 
chemical composition of a propbasic chromosome is 
it is found m a salivary gland of Chironomuj (see Giant Cmtimo- 
somes. Chapter VIU) It is seen that the cuchromatm 
sbtutes the bands contains thjmonucicic aad assoewted wi 
histones, whflo the clear disks interposed bots^■ccn tho bands a 
nucleic aad and are formed of more complex proteins 
to the globulins. On the other hand, the heterochromatui 



157 


STBUCTURE AND CHEMICAL COMPOSITION 

in mtorphasic nuclei constitutes the cliroraocenters) contains the 
two types of nucleic acid and, m addition, great quantities of 
histone, svhilc the nucleolus contains ribonucleic acid exclusively 
with a greater or less proportion of lustones The absorption curves 
of these different structures are shown m Figure 60 During the 
mitoUc cycle there arc produced, according to Caspersson, the 
foUonmg changes In the prophase, the thymonucleic aad is de- 
posited on the chroraomeres, wluch are the bearers of the genes, 
so that in the inctaphasc all the nuclear material is accumulated 
m the strongly spiral chromonema At the same time, the amount 
of protein is considerably reduced- In this phase, the quantity of 
ihj-monucleic aad reaches its maviroum and that of ribonucleic 
aad Its minimum The telophase is characterized bj a synthesis 
of material necessary for tlic dupbcation of the genes imder the 
combmed action of the hetero- and euchromatm and, simul 
taneously the tlijTnonucleic aad diminishes The euchromatm 
would produce higher proteins (coagulable) while the hetero- 
diromatm would produce proteins nch m hexone bases (histones) 
At tins time, in intimate relation with the hetcrochromaUn one 
or more nucleoli arc developed uhicli hai e similar charactensUcs. 
On loavmg the nucleoh tlie Imtoncs diffuse toward the nuclear 
membrane, where they proiokc tlic formation of cytoplasmic 
nbonucleoprotems about the membrane as they come into contact 
with the nbonuclcic aad of the cytoplasm The ribonucleoprotems 
of the cy'loplasm m turn provoke the sjnthesis of the higher cMo- 
plasmic proteins In other words, the nucleoh and the ly^plasnuc 
nucleic aads serve as intermediaries m the cham of processes 
which go from heterocliromatin to the protems of the cytoplasm. 

In summary this theory holds llial in the processes of sym 
thesis of intracellular proteins, there exists a close mterrelntion 
ship between the nucleic aads situated in the chromosomes, the 
nudeolus and the cytoplasm 

Furthermore, tlierc is evidence of a true metabolic mlcr 
relationship between tlic two type's of nudcic aad found in the 
cells, Bradicl postulates that the ribonudcic acid, which is local 
ircd in the cj'toplasm and m Oic nucleolus, may be transformed 
mlo dcsoxjTibonuclcic acid of the diromosomcs, and vicg versa 
Dim between these tlircc zones of the cell (cytoplasm, nudeolus 
and chromosome) tlicrc would bf' a continuous metabolic inter 
di^gc The control and regulaUon of tins interchange is thought 
to bo localized in the hctcrochromalic zones of the chromosomes, 
wliiclu m contrast to llic oudiromoUc zones, arc tlic parts which 
^ain llieir content of nucleic acid in llic mtorphasic stage (see 
Chapter Mil) (For cnz>Tncs of the miclci, see Chapter V) 
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Functional Significance of the Interphasic Nucleus 

All celli in synthetic activity have a nucleus and its lack u 
incompatible with a long and metabohe active life. 

In the mterpliasic state, the nucleus is separated from the 
cytoplasm bj a membrane which presents special charactenstia 
of permeability and forms ^vlth the cytoplasm, a heterogeneous 
system m d5marmc equihbnmrL In lliese conditions, the nucleus, 
like the cytoplasm, is incapable of an autonomous existence, a 
fact which demonstrates that the interrelationahip betNvecn them 
IS necessary for tho raamtenance of a normal metabolism. Numer 
ous experiments with fragments of cells without a nucleus have 
given proof that although sucli fragments can carry out some 
functions, such as those of reacting to stimuli and ingesting food 
(amebae) formmg a cellulose membrane (plant cells), moving 
ciUa (cihatcd cells), m general tliey survive only a short tune 
and are mcapablo of growth and reproduction. 

On tho oUier hand, if denuclcat<^ pieces of the eggs of echmo- 
denns and amphibians, wlucli are condemned to a rapid regres- 
sion, are ferUhzed by spermatozoa of the same or other speaes, 
not only do they maintam tlieir vitality but they can even divide 
and form perfect larvae (G Hertwig Boven, MUcr) Further 
more, the nuclei themselves cannot hve isolated as they need a 
certain quantity of cytoplasm (Lilho) 

These facts demonstrate that between tho cytoplasm and the 
nucleus tlicre must exist continuous mlcrchanges of substances 
which fierrmt tlie mamtcnance of the cquihbnum of cellular 
functions and the normal synthesis of the protoplast. 
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Chapter VJII 

CHROMOSOMES AND CELL DIVISION 


Of all tile ccU components, the chroraosoraes have been most 
thoroughly investigate Their presence was demonstrated long 
before they were named chromosomes by Waldeyer m 1888 
forty years earlier, tlie botanist, Hofmeistcr, while studying the 
poUeai mother cells of TradescanUa, portrayed them in drawmgi 
taken directly from living cells Tins uas tlic first concrete repre- 
sentation of these nuclear components to appear m biological 
literattirQ- 

A chromosome may bo considered as a body endowed with o 
speoal orgamzataon, mdividuahty and functional qualitiefi, rt is 
capable of reproduemg its physical and clicmical structure 
through successive ccU divisions end of roaintaming its morpho- 
logical and physiological properties 

The great interest resides in chromosomes because of then 
important role m vanation, Jiercdity mutation end evolution and 
in their control of morphogenesis, multiplication and eqinhbnum 
of vital processes Tlie surprising progress which has been made 
m recent years in the study of the behavior and structure of 
chromosomes has brought us face to face with numerous prob- 
lems which signify a true revolution within the biological 
sciences.* 

Analysis of the organization and racclianism of chromosome* 
IS of great importance because they contain the genes these are 
ind^Kmdcnt umts now considered to bo the basic material govern 
ing'me intrinsic mechanism of the organism. 

It IS a general belief that the chromosomes arc observab c 
/ only durmg the stages of cell division, in which they appear as 
little rods which stam intensely However m rt^ty these eltv 
raents are permanent entities of tho nucleus in all the stages o 
cell life. Their appearance depends on the physiological state m 
which the cell is found and for this reason they may seem o 
adopt different aspects Sometimes they are found as extrem y 


In tpit9 of dii*, ft ft nnprittng — >• Whit* *«T» 

Ttncat by cytogenetidtrtt in the Utt deodo bare art ***^'^'f 

by th« biolofittt Trbo wtark in other Celdt of mrertifitfon. Tm< 
IdUetrtflble in thoM who ere inretbs**^^ ^ probltm of cencer 
nbject h«t • fatuUnMnUl tmparUsco 
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delicate, slender and tortuous filaments in the intenor of the 
nucleus, -while in other arcumslances, such as m the middle 
phases of mitosis (metapliase and anaphase) thej appc^i^as com 
pact cylinders of characteristic form and size 


MORPHOLOGY OF THE CHROMOSOMES 
The external aspects presented by the chromosomes at certain 
stages of the mitotic or meiotic process may be studied by tech 
ruques involving Cxation, with the minimum of altering artifacts 
which may chem^ge their normal aspect, form, or sue. Such treat 
ments acccnUipfe the morphological charactenstics without modi 
fymg them!‘'T!ne most propitioiis time to observe the morphology 
of the chromosomes is during tlie stages m which the> are found 
to bo most compact (metapliase and anapliase of cell div-ision) It 
IS here that one finds them as cylmdncal bodies of qmte sohd 
consistency, that stam intensely wnlli basic dyes (hematoxylin, 
safranme, crystal \nolet, orcein, carmine, and {lie hie) 


Tb« matt cnlmftl iasatt far itijdy of chr om cacapa art the ms 

(Uodt, wpwUlly thoM of the malt, the tail of the tadpda of nxodelas (Triton, 
aniat!) the Mlmi7 gUniiv eeai^fa axtd uitettxEte, znalpi^tian tnbolce sx^ Other 
orgua of the lartee or nrniF^ mMOti m plana eoe can uM the mautams of the 
root aod ftetn, bods of y o un g lea es, poOen mothar f*T1t tad the enhrye ac, and the 
nuorwpom CpoOen grams) in din^on. One may fix, embed, lecbOD and stain the 
tmun appropriately or more sunpdy croth or smear a gmall pjcce of tissoa on a 
slide and macerate it in a drop of reagent whidi fixes and stains sunoltaseously m 
I few mnmtes (aceoc-orcem, ecfto-canmna, larmoid, and so on) By thk secood 
method one may obtain entire ceils with their wiuda complex of chromoaomca. Ona 
may also co mpr ess tba smear b et w e ea cor es gl asa and slide, thus breaking the noclear 
mrmbnmt and duplacmg the chromoeames ooUida of tba <*)!, where they can be 
studied mdiTsduaUy 


— ^Tn profile, during the anaphase, or seen from the poles, the 
chromosomes may be observed in three different forms (Fig 66) 
a straight rod or tcloccninc a J or subteloceninc, witli tno un 
equal arms, or a \ or mciaccntnc with tvvo equal arms As the 
form of Q given chromosome is constant m all the cells of on m 
dmdual or even wilhm one gpeaes or genus, it may be useful m 
idcntifynng specific cliromosorocs of the complex 

Centromere (Gr micros part) At the pomt where the arms 
of Uic chromosome arc loint^i, there is observed a constriction 
caUod Uic primary or centric constriction (Figs 66 67 and 68) 
m the middle of tins is found a clear zone containing at times, 
a small granule or spherule This clear region constitutes the 
centromere folso called Uic kinclochorc) and is found m intimate 
funclional relation to Uic movements of the chromosome during 
cell di\ uion For some Umc, it was described as the point of in 
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serbon of the fiber of the achromatic spmdle. Darhogton (1936) 
as well as Schrader (1936), noted the siimlanty of the centromere 



a b c 

Fi^ 66. Tbe three zztorpholopcal type* of chromoeomei «cconlii]f to du poettloo 
of the centromere (mdiceted by e clear cinJe) a, telocentric, b nbtriocentnq c, 
metecentric The tr^o Crft type* ere eleo called e cipca ntric. 


/ 
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Fi*. 67 Somatic chromocomes daring the metepb**® (ui polar ihotr^ 

their different fonna In tha diagram the chromo*ome> hare be y pJacao to 
the ce n trom ere u fotmd at the point Trticre eech letter ocain I ^ 

a comtnction corretpccidmg to the locabon of the centromere. Ji tirocow™^ 
with ahott Mrordary conitnctiom III Chnanoecoiee 'irilh l«ia aecondaiy 
Hnrt*- (After Darhngtan, 1937 ) 



A 


to the centnole These two bodies are similar with resport to 
behavior dunng the mitotic cycle, their appearance m h g 
and their reaction with stains TTio spherule has a lome 
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about 05 p, and the centromere about 3 p to 5 m depending on 
the sp<^cies 

V'^The centromere dcljinits tiie arms of tlie chromosome, arid its 
constancy of posiUon/detercnmcs the form of the chromosome 
(Figs 66 and 67) ^ 

Secondary ComtncUons Another of the morphological char 
actenstics pooibar to the chromosome are the secondary con 
sinctions Lahcsvise constant m their position and extent they 

Pif 6S. Schematic repeeteiiUboti of tb« xaorpholoc^ and uxtonul ctrocture o! 
* chromotcane. Lcfl^ morpholocr of chronwaomc m the ctnopect fUle, «9 xt is ob- 
served br taeem vd camnt technsq^oet m tactepbasc or en*phaae of cutocs. Rsfht, 
uCcnul rtructore of the seme chnsaosonM treated by m specut techniqoe dunsc 
the tnaphese. ct, secoDdrrj coostnetKm; e, ceotromerex t utclhte cm, chrtsDOimne 
m a double rpml, showme the ma)or spiral txI xnmor spiral p pellicle v sheath 
or matnz. 

possess great value for the identification of particular cliromo- 
tomes in a complov Tlicj maj be cither short or long Thej arc 
distributed along the chromosonio and arc distinguishable from 
the primary constncUon by the absence of marked angular dcvia 
tion of the legmcrtts of the chromosome on cither side (Fig 67) 
Telomeres (Gr Tele far Mcros port) Thu term u applied 
to cadi of the extremities of tlic chromosome which, as genetic 
mtesugnUons in Drosophila liavc demonstrated, present spcafic 
properties If x rays or ultraviolet ra\*s are oDotviil to act on the 
colls of Drosophila, tlic chromosomes undergo vanoiu fractures 
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Tho resulting segments may unite and different types of re- 
arrangements among the fragments may occur, but tho reurutinfr 
pieces do not fuse to tho telomere^ in any case. It seems as if the 
telomeres have a polarity winch prevents otlier segments from 
joining with them, in contrast to the pieces obtamed by breahng, 
which are bipolar and may rearrange themselves m vanable 
forms (see Chapter DC) Chromosomes may oven form a nng, if 
they have lost both telomeres 


/'Satellites 

Another morphological element which certam chromosomes 
present is the satelhtg or trabant (Navashm, 1912) The satelhte 
is a rounded or elongated prommcnce separated from the body of 
the chromosome by a dchcate chromatic filament The size of the 
satellites is variable and tlieir diameter may bo the tame as that 
of the chromosome or much smaller down to a pomt where they 
are almost imperceptible Lokcwisc, tlie CJarocnt of umon ma} 
be long or short (Fig 67) In well fixed chromosomes tho satellite 
IS alwaj's clearly distuiguishcd It is customary to designate as 
SAT-chromosomes those which liavo a gatellito The satellite and 
the filament are ahvays constant m tlieir form and size for each 
particular chromosome- 


Nudeolar Zone 

Among the longitudmal diffcrentiatJoiis of tho cliromosomet 
there are structures which resemble the secondary constnctiom 
m that they interrupt tho continuity of tho matrix by a con 
stnction. Such constnctions are called the micleoUxr zxme^ the 
nucleolar organizer or the SAT zone. These constnctions ar® 
closely related to the formabon of the nucleoli, although morpho- 
logically they arc not easily distinguished from the ordinary 
secondary constncbons. Generally there ore m each cell tw 
chromosomes called nucleolar chromosomes, uhich have this 
special charactensbc (Figs 69 and 78) In nucleolar cliromo- 
5 omes tlie formabvc regions may also bo found in the part where 
a satclhtc is muted to the chromosome. 


Whm Hehx d uco rerod, ifl 1931, that dnnsf th# vlopli**# ^ 

Jtj oripn In a chromotome with a wtelUta, and that ill fannatwo taka* 
narrorm- rvgioo where the Clamenl u foond, ha called thl» CMona 
fOarrmt, wWch cgnifiei m abbrenated form, “izn# acido thymoratat^fd^ \ 
th jn t anu daH: aad) Heiti aoppoaed that the HlanMDt did not ftam , 

thi* type of nnclejc add. Later bowerer h was doiL-ji^ated ...^tnte 

ptM itl r# Fenlgen a reaction By a happy coinc*doica the thrw JattCT .j, 

an abbrmated arpreMioD for aatellrta, for which reaaon ^ fer 

chromocomes has been retained for tboM which pooe« aataHhea, and 
rvfuau which form nodeoli. 
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At the present tame, it is thcmght that the region which pro- 
duces the nucleolus is composed of the following elements (Figs. 
69 and 78) 

1 Nucleolar orgamzer This is the part of the chromosomes 
where the nucleolus ongmates, the region situated at the end of 
the chromosomes, where the filaroent )Oirung the satellite emerges 

2 Nucleolar body This is the part of the nucleolus where its 
development begins prior to the appearance of the nucleolus itself 
This region is Fculgen negative. 



Hg, 69 Nocleolir ciiroma»oiii« of Tjr mm $ •occoiiUr7 or Tradeolu* ctmstricUan. 

P pmnary cotutrictioa or centroowre. (Alter Sim art tnd Bunforri, IBtS.) 

3 Filament of the satellite Tins is a contmuation of the 
chromoncma MiOiout tlte matrix- It is a permanent formation of 
the chromosome, hut maj vary in length In case a nucleolus is 
not formed tlio filament is retracted, whereupon the satdllilc 
becomes dirccUj imitcd to tlic chromosome. 

Tlic fact lliat the nucleolar regions arc poor m chromatic sub- 
stance (coming from tlic matrix) and therefore similar to the 
hctcrochromatic segments, has led to beUef in the c.xistcncc of a 
relationship between tlic hclcrochromnlin and tlic composition of 
the nucleolus (see below) 

Structure of the Chromosome 

Tlio chromosome presents a \cr> different aspect when its 
intimate constitution is studied and when one consider* its in 
tcmal or molecular organization To 5tud\ the internal stniclurc 
of tlie chromosome, llie classical techniques are of hmitcd value. 
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and it has proved useful to apply die analysis by biophysical and 
biochemical methods (x ray diffraction, polarization microscopy, 
electron microscopy, protem chemistry, cnzymology, ultraviolet 
mlcrospectrophotomctry, and so forth), and by oipcnmental ge- 
netics and cytogenetics 

When one studies unfixed cliromosomcs, or cliromosomci 
fixed in some special ^vny (such as by hot vpatcr, the vapors of 
mine aad, hydrochloric aad or acetic acid, or dfluto solutions 
of ammonia, sodium hydroxide or tho Uco), ono can observe a 
filament which is coiled into o spiral along tlio lengtli of the 





f 'a 


#; 










Fig, 70. a, Spinl rtructuro In the chro w o w ma of TroitKBnua *^^*lj°* 

the firtt meiotJC diTi*ic*L The ■rnjrr indicate* th# miaor ijurtL t Proph**e « • 
poUen grain (micnwpcffe) of TriUtum grmdiflorunty iborring the large hi^ « 
th* tpml Triuch arc rcniainitig trazn the tune ol tbdr origin in th * ™ ^ 
prenoui dindon tumilUnecKulj « new cjxJe of •pir»h*»tl«i h«* been j^J^utec 
which i* (bown in the *m*]l turn of each on* of the chnnnatiH*. (a, •fter Coienu® 
and Hillaiy 1&41 b after Spamrw 1942) 


chromosome. Hus filament, wluch lias a diameter in tlio nci^ 
borhood of tho limit of resolution of the light microscope, has 
received tho name of c/iromonema, a term created by Wilson in 

1896, and applied to this structure by Vojdovsky m 1912 

Hio methods mentioned above attack tlie outer portion of the 
chromosome, colled tho matrix^ which disappears, Icavmg un 
covered tho hohcoidal structure of tho cliroraoncma 

In 1880> Baranetfky obforrad the chromoocna in the poiJen 
Tradocanti* but, at that early date, the iol«ipr*t*tion of tb* rtmetaro 
Althocgfa thh rtructuro ha* been rtudied prindpally in plant* mefa ^ 

and TnUitnn, it may be •een aI«o in Protoxo*, certain . itodj 

forth, in wbidi the rtructure of the chromoome* i< eren mort *c»**ib . 

It u generally thought that the chromoMocs of all crganhin* bare 
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In anaphasic chromosomes one may see a spiral chromonema 
coiled into close turns, lite a spring in maximum longitudinal 
contraction (Figs 68 and 70) Such a coil shows U%*o classes of 
spirals the minor which has from 80 to 100 turns or more, and 
the major superimposed upon this, with larger turns numbermg 
10 to 30 (Fig 68) Each turn of the iiia3or spiral mcludes several 
turns of the nunor The number of turns depends upon the di 
ametcr and length of the chromosome, being inversely proper 
ttonal to the former and directly proportional to the latter If I 
represents the length of the metaphasic or anaphasic chromosome 
and d its diameter the number of turns is equal to 21/ d 

Darlington beheves m the existence of a molecular spiral 
which acts on the mtemal raechames of the chromonema callmg 
forth the formation of the visible spiral, which reaches its maxi 
mum development durmg the metaphase The number of fila 
ments which compose the chromonema is a maUcr of discussion 
at the present time Durmg the metaphase, it may bo single, 
double, quadruple or multiple, depending upon the matenaL 
The mtemal structure of chromosomes is depicted in Figures 68 
and 79 The external part or Imutmg membrane is called the 
pellicle (Fig 68) The matrix forms the solid mass of the 
chromosome, acting like a fithng substance which cn\elop3 the 
chromonema, covering it even up to the pomt of concealing it 
durmg tlie stages of maximum condensation of the diromosome 
The matrix is also called the sheatJi, hy-alolemma (Gr Htalos 
aystallme J^rmna, sheath) or calymma. Tlic chromomcrcs 
(Gr Chroma, color ilferox, part) arc granules distributed along 
Uic Icngtli of the filiform chromosome, similar to the beads of a 
rosary Tlic) arc dearly observed m the prophasic stages, 
especially m meiosis, and appear like flakes of tlio chromosomal 
filament produced b^ accumulations of the chromatic substance 
It is also postulated that these granules can be caused bj tlic 
supenraposilion of smaller turns of the spiral, wliidi would 
produce opucal images resembling the thickenings m question 

Th* iuftilon of the turns of the spiral u DOt alvka}! the uune in • pvtKtilar 
chraraotcsiM. The tortKos tMj" be rr>er*ed from one region to enoiher In tha 
cmmectKm t^o mterpreUtiou of the procci««t of iprmlaaUaD b*ie been propo»ed. 
In one it u fuppeited tbit the indirwiD*! ^enei Imit» ea mtenul »pir»l trrmn^ 
meet wbteh determioo the fonoabon oI the obit reed enth the microjcope 

Chjp<fT rV3 The other interpretutMA mggetts that the elooRated and parallel 
uben compounit the chrtanoaoine may tend to form tpiral rkhen they underco 
a linear cootractKii. Therefore the direcOon of the belli u not connant m a partic 
mar chromouime or aefftaent, unce it inj> chan^» at random. This apparejrtlr 
rapnooin tnechamiQ tends to eipl cj the obaen alien that m each nutos s a nerr 
pinl H fcamed, as ^Vh i hat demonstrated m certam speoet of Orthoptera (locum) 
In a anal>m of nxt> lour spermatoRomal celU, II devrmdanlj of impla cell, he 
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b«f ceen tliat the fpmlixadaii 1« directed isdiacriinmetelj either towerd the IcH cr 
tcnrerd the richL 

It k probable that the direcdoD of the epiraJ k a pheiiomeuia Htgyiaed cpcB 
the chrqnOTome bj cocdftmni in the oatode medmm, either br the matrix itaelf cr 
hj contact relatum betrveen homologooa or dau^ter ilUstents. The fact ttt«t ft 
change* at random might indicate that pn)babl7 it u not controlled bj It* crmi 
itttrintk molecular ftnicture. 

The gcnetjc importance of the chroraosomo lies, as might 
be supposed, in the cliroraonemn, smee it is the physiologic^y 
active port Cell division, whctlier mitotic or mciotic, is, in rcahty 
the history of the chroraonema in the various aspects of its cycle 
of spiralizatiorL (Sec below) 

Of course, some of the fundomcntal facts concerning the 
biology of the chroraoncmata arc the mechnmsra of their attrac 
tion at the tune of conjugation tlicir relations with crossmg over 
and the later separation by imfoldmg to give nsc to another 
similar cliromoncma 


GIANT CHROMOSOMES 

Balbiam m 1881 first observed these cliromosomes m the 
salivary glands of the lan.'ac of the fly Chironomus In these 
glands there arc giant nuclei, withm each of which occurs a 
coarse strand rescmbbng a rolled up ball of ynrru This reprcsenti 
the chromosomes Hcitz and Bauer in 1933 and Pointer in 1934 
discovered the cxtraordmaiy intomal organization of these 
chromosomes, as seen m the salivary glands of the flies Bibio 
and Drosophila respectively 

For some time these elements were Jmown as salivary chromo- 
somes, but their designation ought to be changed to that of 
polytemc chromosorrws., smee it is considered most probable at 
the present time that tlicse elements arc the product of a senes 
of successive longitudinal divisions of a common chromoncma 
until they constitute a massive and coarse clement, similar to a 
rope, characteristic of these giant chromosomes Furthermore, rt 
IS not only m tlie sahvary glands that these chromosomes 
found, for they occur m other oi^ans and tissues such as the 
esophagus, intestine, tubules of Malpighi and nerve cells, of the 
dipterous insects and of some Ncuroptcra, probably 
also m other groups of insects which up to now have not been 
investigated by adequate tcchmques , 

The technique for their study is oirtrcmoly simple. The glan 
are crushed between the covcrglass and the slide in a ® 
a fixmg and staining fluid (accto-carmmo or acctic-orcom) tnc 

giant nuclei are broken open, leaving the chromosomes free 
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spread out, facihtatmg tlic examination The giant nuclei viith 
their chromosomes and nucleolus may be observed even in the 
hiung state. The nuclei liave a volume of about 6o 000 cu p 

Micrurgical studies of fresh polvtenic chromosomes have 
shosra that they are soft, deformable bodies svhicli when isolated 
can be stretched up to tivcnty five times the ongmal length vnth 
out brealang Thej regam their former length when the stretch 
mg does not exceed tenfold (D Angelo) 

Tlie polytesuc ch romotoaia *ppc*r ** coene ttwidt of T*n*tle lengtli 

(Fjg 71) In Dro»i4Jl* thn X or I dirtnno»oro* Tweto • length of more than 
400 H, *01116 250 tmm longer iVt*n the ordmety tcmatic chremowme of the *ame 



r g 71 Poljtenic dmmotome* of Dntophla o \>ew of the 

chroamocno of one imcleui, ^otrmg lh« daih Wnd* and the dear mterhanda. 
Preparation by crmhing m aceto-cannioc, fr Part of the i«x chrtunoionie X, af it u 
otjerred with ultranolet Photoenph taleo at 257X) A, which u the tpectnl 
band of ma^nnos ab*orption for nodoc acid, (b After Schultz, l&4t ) 


amnuL In Fipnre 72, the difTerence In die editing Let w e e u Oiromoiame I\ of 
the tame fly In an ordinary ndiods (radicated by the arrow) and m the caliTary 
fcUod may be apprecuted. The aomatic noiaber ol dirocnofoTna characteristjc rf 
the QdrtaionniJ « eight, but when the polytenlc nodwi of a Urra » o te ene d at the 
end of in derelopraent, there appear at fint to be only four chromoaomet. Thh u 
became the chrornounia are fotrad cloidy tmhed in pain in mch a way that they 
ppea ai J there were four chromoKtmea. Similarly In Drraophila, of findinj 

chratuoniet, which u the typical munber only *ix coarte ftrandi appear m 
pojitenjc Tmcld (Tig 73 / and ) frat as in tha former example it was shown 
that the chromoaome* form pain eren more cloaely united than tn Qurcaiociiii. ai 
f w were dealing with a tma lynaptic conpigatioa (Chapter TX) It U for tint 
reafon that It is utd that the polytenlc efaroramome* art found forming lomatic 
pain ra a permanent prophaie. In the female of llhnaoptila, for example, the 
pcJ>tenic chromosomei are found arranged In tha foDowtn;: w r f^rrmwrwi^ 
pair Namber f « compoaed of a straight cord 11 and III, ai purs of chromofomes 
with two rmt to placed that they both preient a toedian InvrtKai pair 1\ a Tory 
mall Thu^ there are foond six elements In all (Fig. 73, 3 and 3) If they were 
i^rat^ one could coont twel e elements two chromcnomm I, two chromotomm 
» ertm, two chroTOOKune* III with two arms, and two chnOTcnoraes IV 

of small tue In total eight chromowraes with twelve arms. 
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W ‘JTY Tk» I" •=• b«-«» tl. 

tfiw c^fflowme IV ^ the iomaUc chromowme IV indlattd by the trrow Moi 

-1™™ to 4. ttnK kJc. U 4tm„, (Altor Bridgo^ 19J5 ) ““ 



e 

t .?f Stmctaro ol tio polytcnlc diroiiioKaiioi. I GcnorJ •cboimtre «]!«< 
oi m. coromo.^ of mJitut gimd of . mjo of DronpM, nvf^JjotUt 
'f otaUnB tho nodmit. Tho potonul du iJiJ xJo ni 
( m wtotej end the nutornel one (in U«k) are J«ireA Nue, rnttlew CAr 
ctownocoitw ;r and r indicate rwpecdrely the •« chramoaemeat D 7/ and // I 
chramoaooie It| 2) /// and /// / right and left anm cf tb* 
“Ttanoaoane IV the foorth chromoaone, Irw an Imerrioc in the ri|Jrt ajm 
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The structure of the polytcnic chromosomes has much cyto^ 
geneUc interest Along the lengtli of the chromosome there are a 
senes of dark bands ollcmatmg with other dear zones called 
interbands or uitemod^s which gi%e to it tlie aspect of a striated 
muscle liber (Figs. 71 and 72) The dark bands are stamed in 
tcnsdy by substances which stain diromatm, and also by Feul 
gen s reaction. Furthermore, they absorb ultrasnolet light very 
mtensely (Fig 71 h') These bands may be considered as discs, 
smce they occupy the whole diameter of the chromosome. The^ 
are of smying size (broad or narrow) and result from the ac 
cumulation of chromomercs The larger bands have a more com 
phcaled structure because the chromomercs arc vesicular This 
type of chromoraere is called hcterochromomere because it is 
usuallj found m bands of the helerochromatic regions The inter 
bands are of Ebnllar aspect, do not stain with basic sta i n s , are 
Fculgen negative, and ab^rb icry httlc ultraviolet hght- Further 
more, ihej present a greater elasticity than the regions of the 
bands The constancy m situation and distribution of the discs 
or bands in the tv.o homologous (paired) chromosomes is notable 
The same cliromosomcs in any individual of the species in ques- 
tion possess an equal number of bands, with an identical dis- 
tribution and localization- Thus it is casj to construct, from a 
giant chromosome, topographic maps of the bands and inter 
bands, rigorously parallel to tlic gencUc map (Chapter DC) and 
to \enfy an> disarrangement or alteration in the order of their 
Imcar structure (Fig 108) In the four chromosomes of Drosophila 
o\er 6000 bands arc found- Detailed maps of cacli one of the 
diromosomcs of this and otlicr species have been draum in which 
tlic genetic charactcnsUcs of each hand and of the intermediate 
regions arc meticulously rccorded- 

o( th« tlurd chr ai a cwftmf . 2 "The cHromocmtrr {chr ) fonMd the of tli* 

heteroclimimitie parts of tU citromcnomrt m a female of D meJanopaH^ Tte 
other s}mbofs are the same as for / 3 A heterochromaljc lepon of chrotaoicn^ 
\ of Drw)t>hila ptcuJoottteura^ shfnnng its relations ^iih iho nucleolos indicated by 
A and the GUmentoia (chromoneniK) constitution of tho thromowmie 4 Detail 
of a contponem chromonema of the pci temc chromoKune m t%hidi the diflerent 
chrofuofflerts are seen. 5 Schematic stnictiue of the chnamoaome of StmuUwri 
It yaaim, shtmliif; the orffanmtkm of the chromotiemala. chromomerei and lesiclei, 
t'bich tecether pnre the appearance of the hands 'The setpnenl drawn corresponds to 
an eochromalie toot 6 DiaRram to illustrate th mterpreUlion of the h licoida] 
throtnotietna with the false chfomomeres produced by the turns of the spiraL There u 
seen a too* (B) r, ih four chromoewnata. comprised between two ctmsecuUre bandt 
j 1 ^* ajpea presented by the same rec«m when it b obserred m a 

ra A a pranular tpect u seen which tunolata chromomerei, 
ndm C a coDtiniKim solid line (/and her Wh le l9t 3 after Bauer 1936 
j Parater and GnfTen, 195 5 after Painter 19*6 6 after lUs and Crome 
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In regard to iIib origin »nd formation ot tbtM dmttnowniM, ft mil t« reolled 
that m the holomeUboUna maecti, the gmwlh of tbe larrcl tiantB it Bttnrtll; 
carnnd out by focreaM In Tolume >vithoQt W cell dlTidocu After th« Ust jaitotx 
dirUioQ In tho ombiT-o tho cellj ot the /atofe feliTary (Und enter open $ loiy 
period of repoee. Later there occun e general gnmth of the celL At the end of the 
penod oI gmrrth, the Indirldual chromoeomee elreedy are onilnied In fpirabied 
form. Then they become poUnxed and p«mcg begins. Tbe bomologuea fme, tba 
thicbieu of the elements increcaes and tbe structure of the bands appears with srtxl 
clarity The pecoliar conititution of these cbromocomes is due to their forma ttm Inn 
a number of Cbon floor at the orTgin for each cbromcMome) which multiply aery 
times, re rt ud n ing together like th* threads of fi rope (Fig. 73 , 3 4 and 5) Each Cba 
Is >4ry delkate and diOictilt to perceiTe and may he cooiKiered as a ch to no is ei BS 
hiicmi^cal studies hare permitted isolados] of longitudfiul HbrOlae which (ho* 
gramiles correspooding to the bends. Fraying of the chrorodsome into JoDgitadmsi 
Hhrillae has also been aammplished by eirpeUlng a chrocnoaome Iram a ndcicpipeus. 
A delicate elastic ntcmbiane around the chromosome was also demoostiatsd by 
microinfecthm techniques (DAngelo) 

The growth of then) chromoaoxoes is accomplished by the lateral spllttmt d 
the Ghers Tha same thmg occurs mtb the bands or discs, which initially are fntf 
dhromomeres and then proceed to increase in nomher and complexity until thef 
form a large munber of umti of the eame type (Fig- 73 3 and 5) About nlns re- 
dupheatians are produced wh/ch lead to aome 1000 Cbers, Tba length of tbs 
chrtnnonema is more or less that of a nutotic chromosome during the prophasa, W 
in tho giant chremoaome, the chmmonama u found drawn cut, without iplraJnaUaB 
■Hie diM or bands are chromometes which, by uniting togrthar acquire the nta*^ 
aspect which we already liare described. Tlia% is no certainty that each oc$ ™ 
chmmomerei re p re se nu a gene, since the site of the latter is probably erto k** 
than that of tho smallest the chromonKres of the pelytenic chnnoaieiTWi it a 
bdlrroi nererthaiees, that tho genetiCBUy actlre pert b feemd located ha tha regnu 
coTTfSpoiidmg to the chromomeret, t^t is to aay tbe bands. 

In some cases, «s m Drosophila (Fig 73, / and 2) all of tho polytailc 
somes are fotmd fomed together at one place, called tbe chromocenter to rAlm u» 
nuclfoiui is also attached. This chromoceotar sotnns to ha'ta been form ed oy 
of the regions of the centromere of each one of the chromoaoiDes. It appear? to 
an Inert region composod of hetarochronutliJ- On the other band, Odroooceos « 
Seiar* do not possess a chromocenter and the bomdogtais chrtnnoaomes am 
separated Various authors hare wished to asaodate lha iiolyiBnic origin of , 
ebrogusames with the fact that m the dipterous insects the phenomenon of endopw 
pjoidy IS TOry cornnwa This b nothing other than the multipllcatian, rrrtiHjat 
mitotis, of the chr on xno m o ClaiMnU. (Sw ’Whita 1945 ) 

Giant chromcMniei are also found in eggs of aquatic Tertdffates 
isolated from tho germmal Testcle ot tho telamandfr egg meafuro trrer 0 8 
may be stretched to as much as 1.9 mm. Those thtxenoaomei are not 
consist of only trro chromauds to which double cbromcmeres are attached (liury** 

CHEMICAL COMPOSITION AND SUBMICBOSCOPIC STRUCTURE OT 
chromosomes 

(The cjicmicfll composition and mbmicroscopic 

of tJic chromosomes tverc outlmod m Chapten IV and VI ) 


HeteropyknosU and Hotorochromatln 

Ciosely related to tJie chemical dynamics of tho 
and, therefore, to ractalxilisra of niicJcir acid, is tlic phon(^ 
called heteropyknosis (Gr Heterost different, Pyknos 1 
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Tt 15 coitmion to find that certain chromosomes or parts of chromo- 
somes during the mterphaso and prophasc remam condensed and 
compact 60 that tlicj stain inlensel> while other chromosomes 
or parts may appear more or less nnstamed. Such a tendency to 
condense is very gcnenral among the sex cliromosomes (Figs> 

83 and 109) Tins property characterized by differences m density 

of staining m \'anous parts of the same chromosome was dcsig 
nated Jieteropyknosis Areas staining more densely are spohen ot 
as positively hcteropytnotic, whereas the less dense portions arc 
designated as negativeW hcteropyhnotic These variations in stain 
ing arc bchc\cd to reflect greater or lesser concentrations of 
nucleic acid 



Fig. 7i Negiti e b^wop^lnon* ol • dirwiOMane (indicated by the mtow) 
daring the mewlic meUptuB* I m the comimi toed, Bufo arenarum. (After S»*z, 
*3^ Dt Robertu, 1936 ) 

In the fpermetogenetu of an orthoptereo such n the locust Schmoctrea pen- 
nemis both type* of beteropy tnesn eppear dearly In the 'ae**cl the ijune prcccu 
sl*o can be stndied (Seez, 1930 1931) The phertoincDa of heteropj kwim may alto 
be obfened in other chromotome* betide* the tax chromosome* Heteropyknons may 
be localized in certain •egnrent* or tn the exlmmUe*, oe mtercalated ia ether tone* 
of tlw chromosame or H may affect ih* evhole or almott the nhole chitnnoeome 
In tha toad, Bufo etrfnarum llnwi there u foond ■ chromotome nlih a ncgitn* 
hetrropy kuorii durmc the metapbate of the fint metoUC dintkn (Fjg. 74) Thh 
elejoeai U not a tei chronunome btrt an ordinary chromcoome (antexeme) of the 
complsi (Stez, Rojss and Dr Bdiertis, 1936) 

In 1928 Ilcitz mlroducod tlic term hctcrochromatm to de- 
scribe Q particular t>pc of cliromatin whicli absorbs less stain 
Ilian tlmi gcncmllj found in chromosomes {cuchromatm) Later 
bo otlomptctl to stud} the nature of iJic mechanism of the reaction 
of the betcroebromatm and to assign a genetic basis to it (Ilcitz, 
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hypothec (which later fell into disfavwl 
the heten^matm u made of a geneticaUy mert tut 
stance Hoteroc^mata can bo distinguished in prophase and 
m metapha^ althou^ with a different heteropyknopc reaction. 
In ae prophase Ae heterochromatic segments may contain com- 
^ct darily stmning bodies looking like smaU nucleoli. At Cut 
they were c^ed prochromosoma, later it ivas postulated that 
they might be condensed parts of certain chromosomes and they 
wre given the name of chromocenters or euchmmocentm (Fig 


mo 




•■J/h 




t- 


of cold im li. «, N«hra 

“= fa Ifa, faom=, th, tint, fa«v 

H«:l (m powl,, hrtowjWi,) with hjumte mxUc 
a.|,t, * tolifa vlucli u wen at ■ Iarg9 ipliere, hot not been colored br Ibt 

•“ '*’• tod witb which the cell h« b«ti 

nSb^ *n)ni<»oinei ot FribU<uia p<Jk€. thowfa* the clear met 

I f I _ * ^ * I®®P«r«taro of 0 C Tbm roc« correipood to the 

1 tm (m tlm cu« a Q«catiro Imeropykijoib) Th* dork part of the 

ehTozQcMm csropoodi to th« auefaromarin, (Aftar Darimgtoo and La Coot IWL) 

^TTw diffwiiiitid eUming wactioB or hrteropyknoau of tha hatarochmBiitfn b** 
M rtwijed in reUtJoa to the cyclo of tho anion of nucldc acid to the 

cb^of the chroiDoaootti. Darlin«toa and U Coot hare found that by 
dirwiai at tamperaturea between 0 and 3 C it i< poariUe to 
PpJPf*’ ™tiPb*cc chmmoaomei, the formatiai of dear nnetanied eegmecti 
M It condrtioae appear optically homoeeneouj and undiffereBtiated 

j Tne»a regions are contuiered to be htterocbromatic. Darlingtno be* 

as offoerdr tba tpeofic daferential teactiritr of tba betetjchiwnatfai 
>vmi tto method it U possible to icrestigala betero ch r ou iatic xnnes in tba chnanfr 
“ ergamra and to learn nwra about tba metMholkm of nucleic acid. H 
hasbw sho^ that the dear segments, harrag dlsdiarged thafr nodtie acid, Ae-w 
detoaenctoi durmg caU dirision, which nmports tha belief that nodtie add play* 
an ^ortant role m the production of the genes. 

Tto cotuUncy of distnbtibaQ of soch dear aegmants makes them yahiahie for 
thacharortwiMbon of each chromosome of the grewp. Hetarochromstic segm^ 
^odncM by hm temperatore appear m the prophase to be coodensed, stropgiy 
"**^*®^^ Fenlgtn posiUra thus resembling trna c hrom o cMitor s (Fig- f®* 
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The bet*roclinrai*tm U DOt ncrw to be an inert wo# of tbe ctromo* 

•ome rt* ictire perOcipetKKi m nocleic ocwi metebolum rocgcsts tbit periup) 
jt Tnaj - pUy #n unportint wl# ni th# cootroi of derelopinciit. C#5perwan h#i 
th»t the hetenxlinjinetic reswtu *re composed by genes or cmul#r 
dements. This woold explem certain dteratkms sucb *s dnpUcatMn or deficiesicies 
wbkh are le« baimfnl to the organism tiun those wtich occur m th# euchrmrutic 
segments. Darlington h*s expressed the ide* that the difference existing betireoi the 
•ctmty of th# tsio regions rests on th# hi^ •nd the low specificrty of the eochro- 
mjrin aTHl the heterochromitm respectHely The bAarior of the rcrpermimerary 
chromosomes fttcrs this Tiew Althoo^ considered genetically inert they may not 
necessarily be physiologically mert. Th# Y d u omo aom e of Drwopbil* prasents an 
extensTe beterochromatic region and came# f#w gsws. \Mien this chrmnosam# 
b found as an extra dcmezit m the female, gmng it the cOTUtrtoticn XX\ rather 
ihaTi XX, tha quantity of the cytoplasmic inicJ*otid*f b increased in the egg of 
thb insect, Tha indicates then diat the Y cbrtnnoKiiDo may carry oct an im 
portant function m tha regulation of the m«t#bolam of nucleic aod of ffia cell 
(Catperasoo and Schultz, 1958) 

The qaesUoQ of the origin of th# heterachroTn#tic segments u still under disputa. 
One presinsptlaa b th#t they are formed by the repeated radnplicataons of euchromatic 
regtoni (chromometas or genes) Thu mtarpcetatioii is supported by the work of 
^X#tbe^ who, on genetic groondi, accoontx for the bomogencoos ftroctnra of th# 
hetcrochromatm as due to tha formatum of pofygenex, which are merely the repeti 
Uon or replicas of a g«na. For a small part of the chixanasame, mch as a goic or 
chromomara, nnmeraas powhilities exist dunng the first linear duplicatioc for 
new heterodunmatic Uo^ to be propagated and localized. Farthermare, thos# 
already formed may be separated a^ distributed, beceasung intexralatad bet we en 
the euchnjmaUc sagoenti (Pantecorro, 1944t S#**, 19+5) 

aiL DIVISION 

The pwvth and development of c^ery living organism u 
condiUonod by the growth and mulUplicalion of celhk In the 
unicellular organisms cell division implies a true reproduction 
and, bj this process, twn or more nerv mdividuals arise from the 
original On the other hand, the mulucellular organisms come 
from a single primordial cell, the rygote, and it is the repeated 
multiplication of tins cell and of its descendants which determines 
llic development and growth of the iiidividuaL 

The siic of anj organism is determined b^ the number of 
cellular elements which compose it and not by the solurae of 
indi\ndual cells The nature of the processes which determine the 
size and tlic form of the organism is, for the most port, unknown 
except lliat it is gcnciic m nature Each class of cells shows a gen 
cral umformit} of \olumc wlucli may differ markedly from tlie 
^oIumcs of cells of a different nature In manj instances cells ap- 
pear to grow up to a limit wluch, ha^'lng bren attamed, u fol 
lowed by duTsion into two doughtcr cells The two cells thus 
formed maj grow until thes rcadi tlicir limit of \olumc and 
Uicn again dmdc, givnng nsc to a second generation of four cells 
who<c total \*olumc will c^entuallJ become four times Uiat of tlie 
onginal cell, and so fortlt, succcsswcl} In other words, the 
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the mother star or the monaster) The achromatic spmdle is com- 
pletely formed. 

Anaphase 

The divergmg movement of the longitudinal halves of the 
chromosomes begins these are the chwmatids velnch separate, 
directing themselves toward their respective poles, as daughter 
chromosomes 

Telophase 

The daughter chromosomes reach the poles of the spmdle and 
here they come together maintanung a parallel arrangement 
The nuclear membranes are reformed and the nucleoli reappear 
The stages m nuclear reconstnictian dunng this phase occur m 
mverse order to those which charactenie the prophasc. There 
commences, at the same time, the symmetncal segmentation 
and separation of the cell body or cytoplasm of the cell, a process 
called cytokinesis cytodieresis (Gr Dieresis division) or 
plasmodleresis and two new cells are formed, the nuclei of which 
begm the mterphase, the process then repeating itseli The 
nucleoli reappear at the nucleolar orgamrer of the nucleolar 
chromosomes 

Analysis of the Mitotic Process 

Daring the mterphasic stage, the chromosomes arc difficult to 
observe in the majority of the cells, a fact which does not signify 
that they are abs^t or that they have lost their characteristic 
organization. The perceptibility of the chromosomes is greater 
or less according to the physiological states through which the 
nucleus passes dunng division, and the fact that then* visibflity n 
at a minimum during the mterphase led to an early behef tliat 
these elements were formed anew each time that the cell entaro 
upon a mitosis Later there appeared clear dcmonstrationi of the 
presence of chromosomes dunng ail the stages of cellular life. In 
the mterphase they have been demonstrated particularly well m 
the insects, especially m the Orthoptera and Hemiptcra The most 
notable example is that of the sex chromosomes, whose hetero- 
pyknosis makes them appear dunng this stage as dense bodies m 
the midst of the other chromosomes, which remam t carc^ y 
visible. Another case mdicating the permanency of the chrom^ 
somes through the entire nuclear cycle is the findmg m toe 
mterphasic nuclei of some plants and animals of the prochromo 
somes or chromocenters bodies vdiich correspond to the hetero- 
chromatic regions of the chromosomes 
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In tht mterpluBJC imdei of Arrfmuthenim, Fwtnca and ttana othc 
of ifrt Grarmneae U ha* bed poaiiblo to follow in tito tha ctaim of the chxtBno- 
cooMs, which appear a* -nry d^cate fdameat*. By an analyni of the procew 
of (pmUzatiaD whfdi each chnraomme came* oot during tha TmtfC^ c cycle and 
tha Ttiotr^e cycle, it ha* al*o b een ectabluhed that they do not duappear at any 
Hma and that the different aspect* which they pceaent are related to their internal 

The prophase is marked bj changes m the physicoch em ica l 
state of the cytoplasnL The cell tends to adopt a spherical form, 
acquires a turgidity and increases its refractivitj These changes 
arc accompamed by a nse of surface tension and viscosity At 
the same time the viscosity of the kaiyniplasm often seems to 
t^tTTnmeK These physicochemical modifications would facahtate 
the later changes and movements of the chromosomes- The pro- 
phanc chromosomes appear as delicate longitudina l l y spiral fila 
ments, doubled and extended or making turns m the nuclear 
sphere, according to their lesser or greater length (Fig 76 a, 6 c) 
The whole group of chromosomal filaments, particularly when 
they are numerous and long presents the aspect of a ball of yam 
car^essly rolled together inside the nuclear cavitj For a long tune 
It i\tis behoved that this ball ivas composed of a contmuous fila 
ment, the spireme of tlie classical authors, which, later, would 
undergo a transverse segmentation, thus produemg a certain 
number of segments of varymg Icngtli, the chromosomes. This 
erroneous concept of tlic contmuous spireme persists oven now in 
numerous works, particularly m those designed for teaching, no 
spile of tlic fact that there exists no objcctiio basu for it The 
name, as vsnll as the mterprclalion, of this stage has been defi 
mloly abandoned. There arc numerous cjlological and genetic 
proofs which make insupportable the h>'po\hesi5 of a continuous 
filament Each chromosome possesses a special differential or 
ganiiaUon and maintains tlirough the entire nuclear cycle its 
autonomy and its specific functioning 

It has been explained tlial cacli propliasic chromosome is 
composed of two spunl filaments called chromatids wluch arc 
found closely associated llirougliout their entire extent watliout 
ecluoUj fusmg (Fig 76 c d c) As tlic prophasc progresses, the 
cliromatids undergo shortening Tim shortening miglit be duo to 
a rolhng up of tlicir mlemal spurals, to dcsohation of the protem 
substance of ilie chromosome and to an increase in the pH ol 
tlic larv oplosm As tlicj shorten tlicy mercase m ■% olumc, perhaps 
m part b<^u$c of an accumulation of nucleic acid hy tlie trans- 
ference of nucleotides from Uic cjtoplosm to Uic duumosomes 
Tlic appearance of tlic diromosomcs m tlie prophase stage de- 
pends in part upon the duration of ilic precedmg inlcrphase. 



lOU 

GENERAL CTrOLOCT 

When thu has been short and the number of chromosomes of the 
species IS small, it is found tliat the positions occupied by each 



*** Diagram of the diffemit »tage9 ot iwitnA a, ioterphaati b c, i, *, 
propoa** nj wiuch tbero is obtarrad a progreoiTe contraction and coedensatke rf 
tM chnmusoine* (each one compoaad of two chroznatkls) { f g pronieUph***. 
tirt spj^e u befmning to form and tha niidear nwnbrana fa disappaanngj A, 4 
metaphasa / an a iJi ai e; k, I, telophase. The cantromtra fa indicated bj a clear 
cuclo m each ana of the chromoaomes. 

prophasic chromosome is the same as its place m the telophase 
of the precedmg division. 

Upon careful observation one sc© tho centromere m a cod 
slant position in each chromosome as a small clear circular rone 
(Fig 76) This region appears to play a fundamental role m 
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the movement of the chromosomes and maintains a close djrTiainic 
relation to the cell centers or poles With the increase in >oliime 
of tlio chromosomos, the ccntroraenc region becomes more ac 
cenluated and appears m the metaphaso as a constriction the 
centne or primary conxtnction 

In early prophasc ^^hcn the chromosomes arc long their con 
stituent chromatids coil together as a general rule (Fig 76 e) 
During the entire prophasc, the chromosomes arc separately dis 
tnbuted m the nuclear cavitj This separation mcrcases as the 
prophasc progresses and the chromosomes tend to approach the 
mlemal edge of the nuclear membrane, lea\Tng the central space 
of the nucleus clear Tlie centrifugal mo\ement of the chromo- 
somes indicates that the dismtcgration of the nuclear membrane 
IS approachmg and vntli it the end of the propliase The shorten 
mg of the chrtrmosomes rea(dies almost its maximum and the 
length of some of them may shrink to one tv\en^ fifth of the 
length seen m early prophasc At the end of the prophasc each 
chromosome appears to be comjxiscd of two cylmdncal longi 
ludmal elements called the longitudmal hah es, parallel to each 
other and in close pronimty 

The formation of the spindle shou’s a number of variations. 
In one iype of spmdle formation, known as the central spmdle, 
the adiromauc figure commences to make its appearance with 
Uie activitj of the ccntnolc uhich bes at one side of the nuclear 
membrane Tins bod^ divides mto two daughter centnolcs whicli 
begin to separate i%luie the prophasic phenomena are occurring 
mthm the nucleus (Fig 46) After tlus disision, there often 
apppars abosc cadi one of llicm a sj*steni of radiations called the 
astcrx or astral ravs, and, ansmg betneen the two asters, there is 
a bimdlc of dcbcato filaments, the spindle The centnoles contmue 
tlicir migration, along i\nth tlie asters, dcscnbmg a semicircular 
palli lo^^Q^d the poles, until thej become situated m antipodal 
positions (Fig 76 c /) There oasts anotlier tj'pc of spmdle for 
mation, mrtap/iosic $p\ndlc in ^^hlch tlie centnolcs arc already 
polonzcd before Uic beginning of dmsion, tlic spindle bemg 
formed i\Iion the diromosomes begin tlioir mctaphasic arrange- 
mom (Fig 76 g) Tlic mitoses in ^^hlch the achromatic figure 
and spindle is formed bj centers (centnolcs and asters) rccciie 
the name of astral or amphiasiral mitoses, and arc common in 
ammal cells and m some lower plants Miloses which lack 
tlic centers are called anastral, and arc charactcnstic of the great 
ma)onl\ of plants (Fig 77 5) Tlicre is no unanimous ogreoment 
concerning tlie ongin of the odiromatic apparatus and tlie prob 
lem is under discussion ns to whcllicr nuclear matonols intervene 
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in It or whether it is only formed at the expense of cytoplasmic 
materials Whatever the conditions may be which preside over 
the formation of the spmdle after fixation, its aspect is fibrillar 
shelving dehcate threads wlucli pass from one to the other pole 
or from the poles to tlie chromosomes Tlieso fibers arc not seen m 
VIVO and for this reason, have been subjected to discussion. How 
ever, submicroscopic methods have revealed the presence of an 
underlymg fibrillar organization. (Sec Qiaptcr IV ) By the use of 
centrifugal force apphed to dividmg cells it has been demon- 
strated tliat the aclironiatic figure is a rigid sj'stom wluch is dis- 
placed througli the cytoplasm wiUiout losing its integrity (see 
Saez, 1941) 

The prometaplioic generally begins with the dismtcgration of 
tile nuclear membrane, although there are cases of mtranuclear 
mitoses among tlio Protozoa and m some otlicr groups m which 
mitosis IS earned to completion wUiout tlio disappearance of the 
membrane When the nuclear membrane bos dmntcgrated, a 
more flmd zone is noted in tlic center of the cell m whicli the 
chromosomes are freely movable and begin to bo displaced m 
apparent disorder toward tlio equator This mechamsra of equa 
tonal arrangement was called metakmosis (Wassermann) 

MetapJiase begins when the translation of tlie chromosome* 
ceases and they reach tlio plane of the equator where they ma} 
arrange tlieraidves m a radial manner at the pcnplicry of the 
spmdle as if they were mutually ropelhng each other (Fig 76, h) 
This arrangement is choractcnstic of animals (Fig 80, /, 5) 
though in plants the chromosomes arc irregularly ornuigcd and 
occupy the entire surface of the oquatonal plane of the ipujdle 

(Fig 80 3 7) The distinction between these two types of arrange- 
ment IS not always clear In both types of arrangement, if small 
chromosomes occur in the group, they ore commonly situated to- 
ward the mtenor wliilo the larger ones are customarily found 
peripherally (Fig 80, 2 4 6) The part of the chromosome di 
rect^ toward the axis of the spindle is called tlio proxirrud ptzr/, 
while tlio opposite part is called tlie distal part 

The array of chroraosonics on tlio spmdle is called tltc 
equatorial plate In tins stage, tlic diromosomcs arc connected to 
the fibers of the spmdle by means of tlicir controracrcs. Thc^ 
fibers of the spmdle which connect to diromosomcs are 
the cJiromosotnic fibers (Fig 77 c) while tliosc wliidi extend 
without mtemiption from one polo of the spmdle to tlm other 
are called the continuous fibers (Fig 77 e) When tlio climmo- 
somes are observed in polar view one can determmo with^ati^ 
facility their number form and dimensions. These propcrtie* are 
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characteriitic for each tpeaes and constitute its karyntype 

(Fig 80) , . 

The equilibnum of forces which characterizes the metaphanc 
state 15 broken bj the division of the centromere by which the 
chromatids have been muted up to this time The division of the 




Fig. 77 Dugrun of the coottitation of the vpmdle diirm g the vtapluie uid 
tcloplme in ui anirmi cell (f isd 2} asd • plant etil (3 and 4) e, cen tr t ole, b 
poUr cenlei- c, tractor cr chronMcome Chert d, ctartrcanere or kaietoiior*' e 
coatmoom liber of tba iptndU} / fiber or fart ero ioal connectiacu g tphuHa of 
c^toimeui; h, remamt of th« ephtdltt f, phragmcpUst, / mtermedute bodle* k, 
cell plate I anaphaie telophase -mth cjU^dneais bx cmotnctKinT 3 anaphaM 
^ telophase b ih c^tohmeds by lormatlcD of tbo cell plata. 

ccnlromcrw is earned out simultnneousU in oil of the chromo- 
somes (Fig 76 f) Tile daughter centromeres mo\c apart and, 
in Oicir turn, tlie cliromatids separate, beginning their migration 
lo\\ard the poles (Fig 76 f) 

Tins process diaractenrcs tlic bcginnmg of the anaphase 
Tlic ducrging movement of Uic chromatids seems to be outon 
omous, produced Qpparcntl\ bv on occcnlualcd repulsion be- 
lts cen the daughter centromeres From tlic time the chromatids 
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separate they are called daughter chromosomes They shorten 
longitudinally and the longest chromosomes still remain in con- 
tact by their distal extremities for a time after the short chromo- 
somes become separated. Even this contact ceases when the groups 
of daughter chromosomes approach closer to then* respective pole*. 

Dunng the latter half of the anaphase a change occun m the 
appearance of the achromatic spmdle. In the tone between the 
two groups of cliromosomes the spindle fibers appear stretched, 
and a group of fibers called trtierzonal fibers appears (Figt 76, / 
and 77, f) This apparent expansion of the middle part of the 
spmdle, which was called Stemmhorper by Belar can be tram- 
lated as the pushing body or pushing spindle It is mterpreted as 
a land of sohdified gel which dnres the daughter chromosomes 
toward the poles at the end of the anaphase (Fig 76, / k) 
However other mechanisms for the separation of the daughter 
chromosomes have been postulated. 

The anaphasic changes transform the centrosomic spmdle 
between two points into a centrosomic spindle between two plates 
(Darlington) 

The end of polar migration of the two dau^ter groups maiis 
the beginning of telophase In this stage, favorable preparatwns 
may show the spiralized structure of the chromosomes with their 
chwmonemata (Figs 76, h, I and 79 7 8) A. little later the 
processes of nuclear reconstruction occur These appear to be pro- 
phasic processes in reverse. The chromosomes lose their state of 
condensation, the spirals of their chromonemata becoming un 
woimd (Figs. 76 L, U and 79 S) An imbibition from the sur 
roimdmg karyoplasm occurs, and with it a dissociation of the 
envelope or matrix of the chromosome, which generally becomes 
rnvmble.* 

The membranes of the daughter nuclei are reconstructen 
while the tclophasic chromosomes are transformed. During the 
final stages, the nucleoli reappear at the nucleolar orgamxers or 
SAT zones (Fig 76 k, I, IV) 

Next there occurs the process of segmentation and soparatioo 
of the cytoplasm, or cytokinesis In animal cells the cjtopiann 
constricts m the equatorial region and this constnctioii n oc 


In masT- c»ei, ngvertbrlfw, the chromowma* remain tiifljlf dorm* . 

interphaiic ataga, retaining their ralatrw po dt ko* whhin the 
commmteip ept of the nert mitocU. In the ipennatogtBiial c*na<rf acme 
Imecu, u also m some Protoioa^ the chrotno«iin« form aepamte Imn* 

persist danng the interphaae. Balar (1929) cooH foliotr tt# mitotic 
calls ol the atamioal hairs of Tradescantia. proring that th« eiifti a 
b e t we en the airangeizicnt of the chrmnoaomes in the telophase and m 
prophasa. 



CHEOMOSOMES AND CELL DmSlON 


185 


centuated and deepened nnUl the cell takes the form of an “8 
leaving a delicate hndge winch, on its di^ppearan<^ wts at 
Uberu the tvsn newly formed cells (Figs 76, ll and 77 2) in 
plant cells, nlnch possess ngid membranes, the fibers of tlie 
spmdlc vanish progressive!} from tlie central to the marginal 
ione, and the mtcrmodiate body called the cell plate persi^ 
bctn-ccn the two daughter cells, forming the cell membrane At 
tins moment tiie spmdlc presents an aspect smular to tliat of a 
barrel and is called phra^oplast (Fig 77 4) , i, 

Otlicr c}'toplasimc changes also occur m telophasa Tlie lugh 
\oscosit\ characteristic of metaphaso and anaphase decreases dur 
ing tlie telophase. Tlic centrosomes cease tliem actmt} and the 
asters become less conspicuous During cytokmesis tlie distnbuUon 
of tlie formed components of Uic cytoplasm lakes place The diin 
Sion of the chondnomc is called chondnokmcsis (Meves) and 
that of tlic Golgi apparatus, dicl}olanesis (Perroncito) or golgi 
oUncsis (Sosal It lias not been demonstrated that the partition of 
those organoids is absolutol} equal, as in the case of the dirorao- 
soracs, although it is possible tliat it may be 


Duration of the Mitotic Cycle 

The duration of Uic complete cjcle of mitosu depends upon 
tlic ph}*siological conditions of the organism, as nell as upon 
certain external factors sucli as temperature, and is also ^’anahlp 
m the different cells of tlic same species. (Sec Table VTI ) 


TABLE Vn 

I>uxAnc'« w Tin Mrronc Ctox (T™* Minnlt*) 
(Fnan Scfand«r 1944 ) 



'vir>MUIion hi 
Dro*oftliIU 
(FUtd t D ) 
ii«b<Bo«)iK. I’m 

i 

SlnrDcfajms of 
CTiictni (UrinB 
Cells) Lrrfa L 
L<^K 1B17 

Flint, Arrhetu 
tb^fum (Llrinx 
Crfls) ^Iirteas. 
IBT? 


1 

t 9 

1 

1 3fv-l« 
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S 

f- 10 

7- 10 
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3 

15- to 

T IcrpbaM 

B 

1 » » 

to- 35 

T Ul 

0 1 
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Cycle of the Nudeolus m Cell Division 

Up until reccnllj tlic role pla^xd b} the nucleolus during 
mitosis constituted a difficult problem lu disappearance at ccr 




186 


OEIiZRAL CTTOLOGT 


tain stages of the process of division (metaphase and anaphase) 
and Its presence m the mterphasic and prophasic stages has not 
been imdorstood imtil recently In descnbmg the structure of the 
chromosomes, it was said that there oasts at least one pair of 
chromosomes, called the nucleolar chromosomes, each one of 
which produces a nucleolus These nucleoU ongmate at the end 
of the anaphase or m the telophase at the nucleolar organizer or 
SAT zone At the beginning of its formation, the nucleolus ap- 
pears as a small granule situated m this particular zone of the 
chromosome (Fig 78, i) This granule does not stam by the 



1 2 3 4 5 


Fig 78, Cicl« of the nncleolas daring cell dMskn. / ■neph*** ol • ^ 

nodeoler chromatame* m which the Mtellitef eod the macleolar n»e 
teIopba*e{ 3 eerij proplutM with the fused nucleolii 4 middle propheie, 5 eJ**^*^ 
prophase, 6 imcleolar chromosome* In the pechytene stage during the mdooc 
phase showing the nocleolar or gan izar the nucleolar body and the filameit of tw 
satellite* with the satellite*. 

Feulgen method while the rest of the chromosome docs. Gradual!} 
the volume of each nucleolus mcreascs (Fig 78, 2) and 
the corresponding nuclcoh generally fuse mto a single mass (1*^ 
78 3 ^ 5) They remam muted m this manner until the be- 
ginning of the next prophase, in which stage the nucleolus is 
seen in its typical globular form (Fig 78, 4 and 5) The chromo- 
somes which gave it ongm remam associated with it by the 
regions which contributed to its formation (Fig 78 4 and ) 
At the moment of the disintegration of the nuclear mem 
brane, the nucleolus is liberated from the nucleolar chromosomes, 
disappcarmg immediately afterwards A largo part of 
stituent material is apparently employed m tho reconstru 
of the sheath of the chromosome, while the re mainin g part 
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to diffusa mlo the cytoplasm The nucleolus, as the sheath of the 
chromosome, contains basic proteins of the histone tj-pe. Very 
probably the nucleolar zone of the chromosomes is important in 



Fic "9 ol the ode of rpmluauoo of the chromoneme during mrtocu 

/ mterphatc th the relic epirel «m! the euperepirtU 2 3 4 prophei* 

tho* fiR the relic tpiral end the formelton of the metnx correepondinc to eech 
chrotnoneme 5 promelipheM iMlh the chromoceme of cech chrmeDd dnplKeted, 
4 metephMe tboiMoic eech chromttid with tr%o chromonemeta hi Viluch eppeer 
both the ro*for end the minor epireli 7 enepheee' I tdophese. The ce nU omere hei 
been ladiceted bjr dee cirde. 

the orponiration of the proteins and of tlic nucleic (ribonucleic) 
acid \\hidi llio nucleolus contains The nucleolus maj be a site 
of pro\*ision of proteins and of nucleic acid for the matrix 
(See Qiaptcr\TT ) 
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tain stages of the process of division (metaphase and anaphase) 
and Its presence in the mtorphasic and prophasic stages has not 
been imderstood imtd recently In describing the structure of the 
chromosomes, it nns said that there exists at least one pair of 
chromosomes, called the nucleolar chromosomes, each one of 
which produces a nucleolus These nucleoli originate at the aid 
of the anaphase or m the telophase at the nucleolar oigamzer or 
SAT zone. At the beginning of its formation, the nucleolus ap- 
pears as a small granule situated in this particular zone of the 
chromosome (Fig 78, i) This granule does not stain by the 



1 2 3 4 5 


Fi|f 78. C>clfl of the nocleolu donng cell dWdoii. / enip hew o£ » ^ 

mtcleoler chramotames in T\h»ch the Mtellites twI the zrndeolar ii»* ep p— r ^ 
telophue) 3 etrij pmpheM with the fused nucleoli, 4 middle P™P****** 
prophes*i 6 nudeoUr efaromoeome* m the pechylene donn* the 
phase showing the nucleolar orBanlier the nucleolar body and the EUment a 
satellites with the uteHitet. 

Feulgen method while the rest of the chromosome does Gradually 
the volume of each nucleolus increases (Fig 78, 2) and ^1*^ 
the corresponding nucleoli generally fuse mto a smglo mass (x^ 
78, 3 4 5) They remam umted in this manner until the 
gmnmg of the next prophasc, in which stage the nucleolus is 
seen m its typical globular form (Fig 78, 4 and 5) The chromi^ 
somes which gave it ongm remam assoaated with it by the same 
regions which contributed to its formation (Fig 78, 4 and 7) 
At the moment of the dismtcgraOon of the nuclear mem 
brane, the nucleolus is hberated from the nucleolar chromosom 
disappearing immediately aftenvards A large part of “ 
stituent material is apparently employed m the reconstru 
of the sheath of the chromosome, while the remammg part 
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to difiuse into the cytoplasm The nucleolus, as the sheath of the 
chromosome, contains basic proteins of the histone type, \eiy 
probably the nucleolar zone of the chromosomes is important m 



Tiff '*9 Duirrmra of the ode of vp rmlizatMO of the chiocnonenu donnc nutotH 
/ mtrTpli«e th the rdtc tp ral nd th tupenpinli 3 4 prophete 

thonmx the reltc $p n1 and lb formation of the matrix rnj-rM pnTMtmjr to each 
chrtmwnema 5 peoroetaphaje with the chroesocema of each chio^tid duplicated 
f metaphata ihontn;; each chromatid with two chroxnonemata in which appear 
bcAh the mator and the minor tpirali 7 anaphate S tdophase Tha ccnU o m era has 
been indicated by clear cirde 

Oic orponiTotion of tlic proteins and of the nucleic (nbonuclcic) 
nad \%hidi the nucleolus contains The nucleolus ma\ be a site 
of protnsion of proteins and of nucleic acid for tlic matn-x. 
(Scc Chapter MI ) 
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The Cycle of Splrallzatlon of the Chromonemo 

The cycle of ipinliutkD of tbe dxromocema it carried out refoUrly Am m 
mltocit. In tlie farterphate the chTtmt aname U ibmr mbiim^l fpirilmftop- At tfih 
the delicacy of the fUameot it tuch that it may b« binLai by the actkn ef 
fizadret. In dm cata the nuclens pmentt the clatalcal picture Tihlth led ts the 
int erpr e t ation of noclear rtroctnre at a irticuluin. Due to the len^thezdnf of the 
chromonema and the laU ictloD of the nuclear tpace, the fUamcnt tahei the fona 
of a ngrag rrith mimermtt tortuotitlct cocudtuting the supfrtftrelt (Fig. 79, I) 

During the prophate each efa naao t o roe it formed of tno chnnooncmata at tin J 
into large tpiralt (m addituD to the tupcnpiralt nhicfa progreaurdy dmppctr) 
nfaich, at the ttage progreuea, dimmuh in number aid in amphtude un&l they 
duappeer Theta tpiralt are thote which remain from the prcrioat dirituo and for 
whi^ the dedgnatUD of rcUc rptrals h need (Fig. 79 S S) hreannhUe, daring 
the middle of the prophate and before the relic tpiralt h e c o au e completely uunuund, 
there appears a new spiral, the motor tptral which it supposed to be derired from a 
moUailar spireL This new cpiral dereh^ gradually by an increase of the dl i met w 
of the tumi r^hfla their ntmiber dimfnlthet (Table VUT) Simultanecotly the length 
of the chromatidt likewke u dimmiibmg (Fig. 79 i 5 f 5) Tha E“^ceti antmaa 
in this way until the maKunum winding up and contraction m the metaphase 

(Fifr 79 6 ) 

In tommary U may be tald that the cootractkm of the filamaiti nhxn mait 
up the chromatidt it accompanied by tno cootrattJng pnxeoea, (J) the loot m ng 
of the relic tpiralt nhkh come from the preceding anaphatej and (2) the 
ment of a new ipirti in each ehromatld. Thu latter ipiinl, oaeo it hat bea 
completely formed, will coeittitute the maror tptreL At the begmning of the 
phase the minor cpiral alao appeen and, at the end of the asaphate, the mtjcr t^dw 
greduellj looaent. This pmceat cootnmet during the tdophaae and lalerphaie. Toe 
rett of thif tpiral foma the relic tpiraL . 

The coartrtutloo of each chrometid can be traced from tha first ttaget of w 
prophate. It will be reme m be r e d that each of the iuo ehomaiiis um con ^twOT 
by a chvmonrma. They pwraitt ui thlt condition untfl the proiiiet»pha» 
tha prometaphase the c ht omocema of each chromatid it dxiplifitad to that, Irani thn 


l^rcorn iw Mrcwnt akd NDuan or Timm op Tna CnaoauTjnt op Trw 
groniiflorum numim] nre Mrroait or Poiojoc Gtiaiki (hbaoero**i) 

(From data taken fr om Sparrow 1942.) 


CoOdltMD 

Length of the Cbromalidt 

\ umber of Tar** 

Reltc *ptnil of CO tomi 

440-600 1 

4Sn-600 

IVophaM 

9>0 , 


Middle propfuue 

202 1 


Middle prophate 

fOJ i 


Final propbaae 

ITS 


Final prophate , 

IM 1 


Final prophate 

142 1 

ISJ 

Metaphate 

77 1 


Anaphat* (lA celli, avmfwl 

W 0 ± 2 » j 



We haio taid abora that the namber of fUmejiU or chromon^^ iHotumW 
make up a chromotome u rtill a matter of dacutnon. In the fgure* sr , i-^t I 

the procetc of cpiralixation, tve ha e cnnodered that each chroni^Jtorn 
darmg the mtcrphata of two chromoDemata. 
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um* on, e»di chnurutid conuini t^o ehrumoDemaU Later a rortaphanc chromo- 
iome will be fomwd by tun chnmattis ifn dots toprihtr each inth tun 
ehnmaneTTuiUt, m all, four chrtnnooeinala (Fig 79 ^Tien ti»e anaphanc lepara 
tion 11 produced, tlia chrmnatid* aeparate, each oaie beenog two chromocemata 
(Fig. 79 7) and pa« to their rejpective pole* to enter mto the telophaie, whereupon 
a chromoioae (the name now gnen to the chromatid) forms from the two dau g h ter 
chrofTWoemata. 

It u mtertttmg to note that the dupbcatiOD obiened m tha prameuphaso taxe* 
place before the i«p«*lkm of th# chromatid* m the anaphaie (Fig 79 5) It is 
pmumed fmm this that tha dophcaUon ha* been produced fubmicroscoplcaUr much 
earlier but that it can be teen for the firtt tmw m the prometaphaie. 

During the anaphate, telophase, mierphase and propbase, the ch rom oa om et are 
double (two chromooemaU in each one) In the pranetaphaie and meUphase they 
are quadruple nnce each one has four chronunonata. 

CHARAaERlSnCS OF THE CHROMOSOMES 

The most important diaractenstics identifying indi\ndual 
clinnnosomc* m mitosis arc tlieir number rclativo dimensions, 
structure, belia\nor and internal organization. There are other 
diaraclcnsUcs sudi as the bnear ointraction, the degree of spi 
rahzation and the \*olumc, which are sub)ect to ph>’$iological 
venations, Furtltcrmorc, Uic diromosomes are controlled b> 
genetic conditions in the individuaL This u what is called the 
gcnotj'pic controL* 

The number of the chromosomes is one of the best knotvn 
constants (jcncrally organisms are constituted b> a diploid 
somatic complex of chromosomes, ansmg by Uie union of the two 
gametes Eacli one of these gametes contributes one set of chromo- 
somes called haploid Tims, m the human species (Fig 80 5) 
Uie somatic or diploid number of cliroraosomcs is 48 Tins nirmb^ 
IS formed bj two haploid sets of parental ongm, cacli w^t3l 24 
diromosomes Each haploid set of diromosomes is designated b\ 
n and llic diploid bj 2n Some oiganisms ha\c a somatic number 
of 24 diromosomes m some mdiiiduals, and 36 or 48 m otliers In 
these cases, llic haploid sets also ^aIy possessing rcspccUvclj 12 
18 and 2V chromosomes codi Under these circumstances, tlic 
lowest linploid number (in tins case 12) is called tlio genome 
Each one of these sets or genomes is conventionally designated by 
X In Uio example giicn, if xis 12 Uic mdmdnals wolli 2 1 somatic 
diromosomes Im\c two genomes of 12 diromosomes cadi 
(2x = 2 1) the indwnduals wiOi 36 somatic diromosomes possess 
tlirce genomes (3x = 36) and those w-iUi 48 chromosomes ore 
formed by four genomes (/x= 18) Supposing thol the in 
dividuaU wnUi 18 chromosomes originated by llic fusion of two 
gimclos wiUi n~2x cadu each mdmdual will haxc tlic fol 
lowing diromovimic formula 2n = 4x = 48 It is customary also 

CerKSypr FtmdjmruUl brndiUry CUOXtltUtlOa of U f y nirm 
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to represent this case thus 2n = 48 or 4x — 48, although the 
former annotation is more correct, smce it indicates the number 
of genomes which have given nse to the organism m question 

There are cases of organisms which have ongmated from a 
nucleus wath the haploid number of chromosomes Such organ 
isms, called liaploid, maj be brought about b> parthenogenesis 
or by apogam^ wnlliout tlie intervention of gametes, but never 
b> fcruiiEatnon. 

The number of cliromosomes serves as an aid for the deter 
mmation of phjlogeneUc relationships, such as the taxonomic 
position of plant and cuumal species 

Tb« tvluch Hm lb* tnullett oimsber of chnnnoiome* U the tiemilode 

Ateans mefoJactph^a of the Tvietv wilh two totnabc ciirt*iic*Ome» end 

therefor* n = 1 Amon^ emmalc, the hirfiert nambei* uv f«md m the Protoao* 
ol th* group Agreg e t* which pckmm orer 300 The nyjth PWIfoha p^dana h» 22+ 
■onubc chromotonm The munhen mort tomm on e nw og the pluiU ar* 12, 14 16, 
16 an*! 2+ "Twl TTw^i^ the 12, 24 end 40 ere the diplnd nunihcn. 

The form of tlic chromosomes also is a diaraclenstic wluch is 
of aid for the identification of a particular complex. Some species 
have chromosomes which can idcnUCed woth case (Fig 80 


Fig. 60 The ch*r*ctemtk« of the lonutk chromoaome* of toot plants astd 
anlmalk AH the Qgares comspoad to muphesot in polar Tkw / the chxcmo- 
uenes of th« toed Bu/o erenarwn tlxmuig their morphology In lom* chromoiomes 
a black point corrotponcUng to the centronwre is seen; 2 the chramoaomes of e 
reptile Tu^namhfi tegidzin diorsing their 1^ elements dutrihated as miorO' 
chrttmotomes m the center and macrtKfaromoaoTnn at the penphery 3 th* complex 
of chromoaomea co m p o sed of 12 elements of a member of the Kemmculacaae, 
onenUilu m whKh some chromatula can be seen wound about each other 
thus forming the relathmal spiral. The Boman numerals indicate the pain of homol 
ogtns chramotomes 4 the 208 diromotomes of the decapod ernstaceen. Paraltthodfi 
camifchancm, showing their rod shaped and puncnlorm moiphologyi $ the 46 
chnanosomet of the human speaes showmp in the upper part of the plate of 
chromosomes, the ser chromosamet \ and Y One maj note the relational spirallza 
tjcm of some elemenli and ih* cenUic and secondary comtnetions 6 the 23 tclo- 
ceutnc thromoaomes of the locissi Cftnwnocrfi mUn the sex chromojome indicated 
br \ li found in negatiie beterop^ knods 7 the 8 chromoKimej of the compoiite 
plant itjrpochoms tuetdu showing a pair of satellites Th# letters indicate the 
pairs of boinologoin chroenosotnei. 1 Irro Saer, Rojas end De RoherUs (1936) 2 
from M they (1933); 3 from Lewitsky (193l)t 4 from S'jama (1935)t 5 from 
La CouT (19t+)i 6 from Sees (1930)i 7 from Saw (19V ) 

Cooterning the number of the chromosomes in plants 0 Tischltr has pubHihed 
Urts In Tabulae B oloyicae, ^oL 4 (19^1 7 (1931) 11 (1936) and Gaiser in 

n hliographia Genrtlca, \ol, 6 (1F»6) 10 (1933) and Grnetica. \ol. 8 (1926) 

Cortcnning the number of chronwwonses In ubnals, H nry has puU shed 1 sti m 

th Journa! of MorplKdoffs ^oL28(t917) 3K1920)i Ogutna and MaUno. in the 
^ Genetics Noi. 26 (193 ) and the Journal of the r*cnhy of Saencet, 
IfolVacdo Iqjpenal Um emty 3oL 5 (1937) Birslaull ra sch, in Tabulae Bk>- 
lor*car \ol 4 (19 T) and McOimg. in T bolae B ologtcae, \ol. 28 (19H)) See 
Uarungtixi and JanaVi Anmsal (19V6) lor coltrrated plaau 
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y, 3, 6 7) wlule in others it is practically impossiblo to distm- 
guish the different cliroraosotncs of a cell (Fig 80, 2, ^ 

Butterflies generally hare Mnall dotlike chrotnosomes tinular to oce Id 

•ome ca m po s ha plants such u Crepls «od Hjpoclioeris, in other groups neb as tbs 
g e neia Moscari and Vida and among certain Insects, espeoallT- the Diptera, tbs 
conflguratian of the diilerent chromosomes can be studied separately (Fig. 00, 7 ) 

Tlio form of the cliromosoraes may imdcrgo altcrabons 
througli inechanicaL, chemical, or mdiational accidents, or durmg 
cell division, or cxpenmonlal means Furthermore, sponta- 
neous alterations may occur in nature, it bemg difficult to deter 
mine their ongm and their difference from tlie accidental ones. 
The entonon employed for tlio morphological identification u 
based upon the position of tlio centromere, on tlie secondary con- 
strictions, and on the cxnstcncc and localization of satelhtes. 

Tliere arc zoological groups which present a typical mor 
phology such as the family of Acndidao (locusts) tlie chromo- 
somes of wluch are always teloccntnc and rodhho (Fig 80, 6) 
or the atnplubia (Fig 80 i) winch have metacentne cliromo- 
somes, each m tlie form of a V Among the plants the form of the 
chromosomes is more vanod with characteristic satelhtes and 
constrictions (Fig 80 3, 7) 

Tlie best condition for dotentumng the form of a chromosonie 
18 tlie metaphasc or early anaphase generally in polar view (Fig 
80), but in some cases m lateral view When one is dcahng with 
meiotic cliromosomcs it is necessary to observe tlieir configuratioii 
from various angles m order to obtam a clear imago of their 
morphology 

Tlie jizc of the chromosomes is relativdy constant and i* i® 
portant in the indrvidualizabon of each one of the TOcmbert o 
a complex Tlie relative dimensions of tlio chromosomes of a 
usually differ among themselves but at limes all tlio chromosomci 
of a group may bo of the same size Tlie length of a chromosome 
may vary from 0 20 up to 50 |i, tho diameter varying betw^ 
0 20 and 2 m In the human species tlie approximato length o £ 
chromosomes is 4 to 6 p i p* 

A diploid complex of chromosomes consists of a 
of elements or pairs which correspond exactly m form and 
In H^pociioens for example (Fig 80, 7) there arc 
or diploid chromosomes divided into four pairs AABB 
of chromosomes Each member of each pair is simil ar to ib 
and thus they are called Jiomologues In man there ore 
of homologues m tho toad and tho weasel, 11 ui tho y 
sophila, 4 m tho onion, 8 m com, 10 and m tobacco, 1 
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Each liomologue is not m'^anably found in inumalc contact 
\\i\h its mate, since the location of each chromosome at different 
periods of tlie mitoUc cell cycle is cnUrel> independent. A given 
diromosome may occupy any part of the nucleus Dipterous in 
sects arc exceptional in tliat tlie homologous chromosomes com 
raonl} occur together m polytemc nuclei. Furthermore, m the 
common somatic cells of these insects, tlie homologous chromo- 
somes are found close to each oUier m the prophase and metaphase, 
although the> do not toudu This condition is designated somatic 
pairing (Fig 110) 

The name karyohpc is gi\cn to tlic group of characteristics 
mdudmg the number the form, and the sire and other char 
actenstics uhich maj be taken into consideration in identifying 
0 particular duomosomal complex. This karyotype is diarac 
lenstic of an individual, a race, species, genus, or larger groupmg 
The karyotype maj be represented bj a diagram called an 
idiograrru 


REFERENCES 

fialbUm. E. 0 Sur U droctore do sojon dn c*Uule> uliTOim cb«x Ic* Uttm de 
Qurooenms. Toolf. Au. ^ 637 1881 

B4nMtzkT J Dm KtrnleiKtiLg m d«n PQU«smmtleR«Ueii eiiiicv TradcKontien 
noC2«jle.3S 241 265,281 l&SU 

Etuer B.1 Slructore end •rruigcment o( tlosd chrotDOKxno la DrosopbxU 

tpeae* Proc. Ntt. Acnd. Sc^ 22 261 1936. 

BndcM, C SaliTary c1iitkik»oiih mape. J Hcrtd., 26 60 193j 
Bock, J B.t MieramvDpaUban o{ sail uy eland duxonoiotiiet. J Hervd 33 
3, 1911 

C*^P«waa, T and Scliultz, J i Nocloc acid metabolmn of iht ebromoaomea in 
rtlalwn to e«»a raprodocUaa Nature, 142. 291 1938. 

CoJrmtn, 1.. Oi Omanoaoiaa * true lore m tba Acndidaa with tpecial reference to th 
\ chromoaome. Genetic*, 23 2, 1W3. 

Coleman, L. G and Hillarj B B. The nunor cotl m raeixiOc chrodkotome* atwl a*' 
woalcd pteacwjeiu as repealed by the Feulgen techjuque. Amer J BoL, 25 
464 19n 

D Ancelo, Ethel C brKntrpcal itodies on C/nronomuf tain ry (dand chmmo- 
aornw. B»oL Bull 90 71 iMt 

Darlmgion, G D Recent Adrances m Cytology 2nd ed. J d. A. durcluU Ltd 
L<»*ioci, lQ37t The E olotion ol Genetic Systems Cambndee Um en ly Pwt. 
hoodon, 1939 ChromosonK chenuitry and pen* action. Nature tt9 66, 191— 
Darhaifton, G D and Armnal, G E. Ju Chroniosome Atlas of Culliraied PUnU. 
Ceorpe Allen and Unwm. London. 1945. 

D rUnpton, G D and La C«ir G Differential reactintr of the chromosomes 
Ana Bot^ 615, 193S Nocleic mod ttarMUoc in chrtTOcnomes of Trillniin. 
5 Genetici, 40 185 19W The detecticn of Inert penes. J Ilered 3_ lt5 1941 
Dcibihantty T and Drrvfut, A.. Ch m Botomal aberral ons m Brazilian Drmophila 
•nanasi^ Proc N t. Acad. V, ? 301 1943 
Gttei, n. R Nucleoli and rel ted nuclear tlnsctum Bot, Rer., I 337 1 94_ 
^ihcn. S 7ur KenntniM der HeTeTncbftKnosotaen Arch, f nuir AnaL, 1907 
Heiti, G Dtt Hrtenxhrtrmatm des Mooce I Jahrb wim EoG 69 162, 1923 
Qumik-vstDetntnjlmr and Gene Zeii loduL Abtl. \ererb., 0 402, 1935 



194 


CENTRAL CTTOLOCT 


Hotr, £. and B«n«r H.i Beweue fur die duvniotomecnator der Kemdiklfa la 
KnkaeUcenitn Ttto Biluo Irartulasus L. Zeita. Zellfanch. il znikr Antt^ Tl 
67 1933, 

Kmrada, Y i CliroincMme ctructure A critical i bt i cw Cj^ogia, iO" 213, 1941 

La Cour L. F : ^fltocu and cell differentiatian in the blood. Proc B 07 of Edm 
burgh, 6Z 73, 1944 

Le^nUly G A,i The "kaiyotjpe" m a^ ateinatka. BoIL Applied Bot Genatla and 
Plant Breed, Leningrad, 27 167 193! 

Mather R,: Nouralle contrlbutHn & 1 ^de dts chromoaomet chez le* Saarieas Rer 
Sui»o de ZooL, 40 281 1933. 

Mataurm, H. ChrazDOsome atudim m TrQUum kamischaficum. PalL XXL Cjtokglt, 
// 369 1941 


Mazia, D : Fjiiy a> e ctodiet on chromonmes. Cold Spnng Harbor Sytapoda m 
QoantitatiTe BkiL, 9 40 1941 

Metz, C W Structure of taUrary gland chromotome. Cold Spring Harbor SjmpoaU 
on QuantitatiTB BtoL, 9 23, 1941 

Muller H. J ] Bearmgi of the Droaoplula t^ork cn fjftematics. In 'The Nrw 
Sjfteioattta" (Ed, J S Huzley) Oxford Umremty Preaa, rzgi i Vn , 19K) 
Resome and pertpectnei of the Symposhim on Genes and (SiraniOionH*. Cold 
Spring Harbor Sympoda on QnantrtatiTe BioL, 9 290, 1941| The geoa. Prot 
Rjiy Soc, London, iB /X I 1947 

Narailun, S 1 Sor le dimorptume nocl^aire des cellule* wmatjqne* d* Gafftma 
candioms BulL Imp. Acad. ScL Petcnbcrg, 6 373, 1912 

Niyama, Hu The drnnnowmei of the ediU* crab Pamliihodes aanltcJiatic* (Tue- 


aha) Jonr Fee Sci, Hohkaido Imp. Unfr., 4 S9 1935. 

Pamlar T S The roerpWogy of the X-chrmnoaenwa in lalirajy gUno* « 
Dmtephtle nuianofarter end a new ^ 7 * of chnanomme map for thli cltmart 
GeoeOct, 19 448, 1934- The effect* of nxee and alkali cn chromoaoeBe* md tm 
interpretatiTa rahie of the diaaolntioa imagea p a o d ne e d. J Exper ZooL, “r 
53, 1944 

Painttr T S. and Grlffen, A. B. The atrncture and the derdopment of the aalrrary 
fdand dmxnoaomes <d Simulium. Genetlci, 22 612, 1937 
Pantecerro, G Structora of hetcrochmniatm. Nature, /53 30, 1944 
Rennde, F j Hft^rochromatine. Port. Acta. DioL, 1 1® 1945, QjapUr IX. 

Ra, hL and Crenae, H. Structure of the sahrary gland efaronjoaome* of Diptara. 

Proc- Nat. Acad. Sc., 3/ 321 1945. , 

Saez, F A.I T Poede la dtologia btftnir ca la orientaddn de lo» probfema* tazonOHneo* 
Her Soc EntorooI6gIca Arg /Or 251 1929 lijreftJgadocea aobre Im cnano- 
anmat de algunoa crliptero* de la America del Sur L Organiiacido rmoom 
de loa complcTOS m coatro g 4 u e io » de acridlo*. Ber Muwo do ^ 

317 1930 The chrerooaome* of the Sooth American opoaum DtdeJptop^ 
guayeiau Amer Nat., 65 287 1931| Organiiaoon j numoiu de crcooww 
en loj ortdptero* sodatnencancx Act Congr Inter de Bnlogia, , 

1912, 1931j Sobre Us ralaomia de U atoIogU cen U taxancmia.^^ 

Inter de Btologia, Monteruko, 25 1931i Obaerradoce* wbre U reac^ i"^ 
da Fcolgen j Rojenbeci. Segunda Ren. Oen. Nat Physli It (1939) IZ^ 
Alteraoonei Erpoimentalei Indnodas por Acci6n dt la Grarodad ® lOHi 
de “Lathjm* Odoratus" (Legummosae) AnaL Soc Cent Arg 152- ^ 

Algunas conquutas reoentes de la faiologia. Confer enoa W ^ _ 

Cnmh. Nac Coltnra, 5 65, 1945j La natnraleza quinnea do 1« crunwaoma* 
del nudfolo Bol Soc Argentina do Botamca, / 4 1945 

«Uez, F A., Roiaj, P and Da Boberti*, E.i Dmenudnmgen Obw die Q**^*^S^ £. 
der Amphibien Amuren. Dar melotbche Froze**, be! Bufo arenarum. 
Zrilforsch. u, miir anat.,24 727 1936. , , t, tw M«r Totfo. 

Sakanmim, T Finerung %cn Chroroosoanan mh riedeodem a**ar 

Schrader F Tha Lmetochora or spmdlaftbar locu* m 1944 

BuIL, 70 484 1936 Mnoaii. CedmnbU Um»eiuty Pi***, **** 



CHROMOSOMES AKD CELL OmSlON 


195 


Schultz, J The eridcnce ot the QucleopitKem nature of the |;cne. Cold Sprmg 
Haihor SjmpoiU od Quaotitatt • BtoL, S 55, t&41; The functKCi of betero- 
chraaaUn. Proc. \T3 InU Genet Coccir Edinburgh, 257 IWl The Gene « ■ 
Chenucal Unit In ‘K3oUcr*d Cbematrv Theoretical and Applied," ^ ol 5 (Ed J 
Alexander) Remhold Publuhmg Corp New \orh, IW-t 

Serrm, J A. and Queiroi Lopei, A Donnto pour uiie cjtophj cologie do cucUole. 
L ectmte nucl^olaire pendant la anttMnce de 1 ooc^rte chez dea bfbddec:. Port 
Acta. B»1 / 61 1945 

Sparrow A. H The ttructure and derelopment of the chromotome ipirala in nucro- 
tporet of TnlUum Caned. J Reaearch, 20 257 1942. 

Stenart, R. N and Bamford, R The nature of polyploidj' in ZJltum tignnum. Am 
J Bot 30 1 19V3. 

^^’hIle, hL J D I The heterop^ knotu of Mx-chromotome* and lU mt e ipiet anon in 
terms of ipiral ttructure J Genetict, 40 67 1940 Nucleui, OmoiKMaiDct end 
Genet. In “Cjlclogy and Cell Ph> oology” Oxford Uni ertity Pres*, T/M^rlnn 
lfM2, 159 The ChromoRnnet, 2nd ed. Methuen t Co Londcai, 1W2. 

Hilton, G B. and Boothrojd, E. R. Temperature induced diff erential crartracticin in 
the tomatic chrumotcrtm of TnlUum ertctum L. Canad J Retearch, 22. 
105, 1B++ 



Chapter IX 


CYTOGENETICS 

Cytog^a one of the most recent of the biological tamco, 
^ by tfie correlation of cytology mtli geneUcs It ropresenO i 
brad and promising field of study with great theoretical and ap- 
plied importance In the precedmg chapter some of tliesopniblemj 
Jmto be<m studied, particularly those related to the chromosomes. 
In tlus chaphm we shall consider the mam aspects of cytogenetics 
m re ation to hcreditj sex dotcrmiuataon, mutatiori, evolution and 
systcmatics 


MEIOSIS 

In the pret^g chapter it was cicpbmed that the chrome- 
raw areregmarlj diatnbiitcd by moons of mitotic cell divmoos. 
\v 2 ^ generally raomtoin tlic constancy of their number throu^ 
tflc ceils of the individual Since the sorootic of most 
organiflTis are denved by mitosis from a jertilizM egg or cygote^ 
c> all possess a double (diploid) set of chromosomes The 
^metw (ovi^ and spcrraotoroon)» however, arise by a speasl 
called meiosiSf in which the normal diploid 
set of chromosomes is reduced to a single (haploid) set The 
rattle process characterizes all plants and animals which rc- 
p uce sexually It is in the course of gametogenesu, during the 
maturation of the sex cells, that mciosis takes place. In essence, 
meiww coasts of two nucUar divisions which follow each other 
r^idly whiU the chromosomes dnnde only once The result of 
this process is the formation of four nuclei, each one of which 
as a Simple or haploid number of chromosomes These two 
visions are called the first meiotic division and the second 
meiotic division or simply I and H (Fig 81 5 and 7) The pur 
pose of moiosis is not only the numerical reduction of the chromo- 
semes biU also the attraction, the pairing interchange and separa 
homologous paternal and maternal chromosornes. 

The first meiotic division is characterized by a long propbase 
during which the chromosomes pair closely and effect an inter 
^Mgo of hereditary material between the two conjugating mem 
bOT (Fig 81 3) As a consequence of this conjugation (synapsis) 
the pairs of homologucs appear ns double or bivalent chromo' 
somes If for example, there were six chromosomes in the diploi^f 
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set. A, B, C, A, B, C (Pig 81, 1) when the pairing is completed 
three bivalent chromosomes will be encoimtered, AA, BB CC 
(Fig 81, 5) Ijndcr these conditions, the prophaso continues until 
there is a longitudinal cleavage of each one of the homologues 
but without a total separation of their halves or chromatids At 
this time the nucleus shows only three bivalents, each one of 
which IS formed b> four chromatids (Fig 81, 4) The anapbase 
of the first mciotic division (Anaphase I) brings about the separs 
tion of the homologous cliroraosomcs, which pass to the respective 
poles of the celL After a short period of mtcrkmesis, the second 
meiotic division takes place (Fig 81, 6) Anaphase 11 (Fig. 
81 7) brings about the separation of the longitudinal halves or 
chromabds of each one of the homologues From this moment 
each chromatid should be considered as a chromosome passing 
to each pole 

In summarj the first meiolic division separates the hoiT»- 
logues which have been paired, while the second meiotic division 
separates their longitudinal h^ves. After the two mciotic dm 
sions there are four cells, each with the haploid number of 
chromosomes 


The time et Trtldi metom oecart donng the li/e cycle T»ii» with 
crB«iiLcmt bet b cctutairt for each perbeaUr tptdt*. Three type* may 1* 
pushed 

(1) Initial or eygixie mrioHs whldi takes place unmedialely after 

at the begmmng of the clearage of the egg As a comeqnence, an adult hap w^ ^ 
diridoal resolu. This k the most prinritfr© form of this process and ocean m cert*® 
fungi (Basidiarnjxetes, Aacomycetes) in certain Algae and in khdo SporoM 

(2) Inttrmediarr mcorfr or by rporaa, which takes place dnnn* w ^ 

of the spore*, be t we en the stage* of the spe ro ph yte and tha ganjotophyt* 
cpmmon among sottM thaSophytas and in higher plant*. In the latter * 
pdiase predominate*, that of tha sporopbyle;, which b diploid dBiinf ^ 

axistence. The gametophyta period u lery short and haploid. In the JOTerpJjreo ^ 
gametophyte predominates and the orgamsm b haploid. Among the 

ferns fertiliiation alternates with wwlnak, rporophytes ongmate frran^s^F^ 
and produce spores, while gametophyte* ongmate from spore* and 

In tha ang iosp eims, majosi* begins In the female Mcmd 

of the mother cell of the embryo *ac (maaosport) Tim b foUvrvedlO^ — luc^ 
meiotjc (fincon. In some planu a thfad dirbion occurs, mitotic In ebanm^^ ^ 
gire* nta to d^it xmclel the oruJe or oosphere, two synergidi, th^ 
two ptdar nuclei. These last fuse later to contribute to the _ m*tnTt 

It fcdlowi from thb that of all these ceU* only oce, the oruJe, esDs 

sei cell Mlmuporogenedi b tunpler Smee each one of the 
ondergoe* tha list and second mrfotic diricons, four mtc lei naclei 

the haploid number of rbrnTTwurtTriiw In TiTTmib, the ».wiCjpood i^ ^ gf 
dorelop Into f«ir spermetozoa. In plants, each one of these ^jjbe) 

poUm, winch agim dindes by mitosfa (during the fortnatto " ^ 

girmg one TegelaUra Tvt oQe goml natiTe nucleus. Tim last cut*o«* 
produce* two antherottiids. MrtMoa and I» 

(3) Terminal or gametic meiods which b common to * ^ ,.v^ place 

foond in some Protozoa tut lower plants (tbaliophytes) This mew*™ 
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fi- Ducmn thcmm^ the fmrtic comequ<«M of tt# laetauj of tliree pair* 
j ^ ih (o) ewe chianna (fc) trro chunoaU and (c) three duamiaU 

' iplolrm. ^ diflotm iho-om lit proct« of ItrmmsluotKJO 3 rnru 
» I < uiiph „ I 5 „,pl„„ 11 Jicuif th di tnbuuon of ti chromt~«-<i m 
" f~r natln formed. In rrd, tie rotem 1 ohmnoiomn and m blur tic m Irrtul 
■onlnmm, „ mdn.trd b> > nitlr 
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dxmnc gmmetogviiMu (tpemutogeceru and oogenetU) In animalt ggrm ccQi 
originate fitim imtial ctlU^ Trhach, by diruicDr gire me to forrufic and ftmnjmi 
edit. Germinal celU, by repeated divmoca, produce many gecentiocn of pr uaj i di irf 
cells, cytologically undifferentiated, the aspect of which la to that of any 

embryonic somatic celL After a quiescent period of ranable rfnrahan sod after 
the gonads hare been formed, these piimoidial germ cells usually are tnmfonDed 
into gonial cells These are miUallj \erj nmiUr in both sexes, but aftemidi 
differentiate into prunary spermatogonia and primary oogonla Later by diruke 
of the primary gocual cell, the secondary goma (spermatogonia and eogems) 
develop Each secondary tponnatogooium gives rise, in a iiual dmakn, to tiro 
daughter edis nhich begin to locmse m xolume and are called prvnarf rpmaa- 
iocytas or spermatocytes L Growth teies place during the whole profhase sad 
metaphase I At dindon the prunary spermatocyte {primary mmtle diwjwn) gms 
nae to two dau^tor cells or ftcoruhry tpermaiocyles which dinde agun (sfcondwy 
mtwiic dixnsian) resulting m four cdls or sp^rmeJids These cells, by differmUatn 
(spermiogencsis or spermateiiacu) aro transronned into spennatoxoa. In the fcmsls 
he fuccetine stages are oogonia, primary oocytrt sfcondary oocytes ooUis and o«, 
with the difference that, m place of foor funedemd gametes there is coly ooe, tbs 
mature orum, smee the other three aro infertile polocftes or pdar bodies. 

Analysis of Meiosis 

Tho mejoUc process begins very early and, in some an im a b , 
18 found even in the embryome stage The classical stages of 
mitosis do not suIEce to describe in a complete manner the 
development of tlic stages and tlie complex movements of the 
chromosomes in moiosis These stages may bo listed in thcjr 
successive order as follows (Figs 81 82 83) 

I PrcIeplotcno stages 
Leptoteno 
Zygotene 
Amphitcne 
Pachytene 
Diplotcno 
Diakincsis 

Pronictaphaso I 
Mclaphaso I 
Anaphase I 
Telophase I 
Inlcrtinesis 
Prophase n 
Motaphasc IE 
Anaphase II 
Tclopliasc n 

End of the Besting Period and the Prclcptotene Stages 
final stage of tho somatic telophase of the goma tlie 
continue to be arranged in the same way as in tlic anap » 
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There arc ease* in \Nhich the chromosomes cannot be seen, due to 
the extreme dehcacj of the chroraonemata This stage is anal 
ogous to the early prophase of mitosis Anal>*sis of this stage is 
difficult Yrhcn there arc no sex diromosomes present, as thcix 
diffcrcnbal hoteropj knotic behavior aids in the interpretation 
of the course of this phase (Fig 83 f 2 3) The telophase dism 
tcgration occurs v?hile the spirals are slowly looscnmg In cer 
tarn insects the mdividuahty of the chromosomes is not lost, smee 
thej are found spirahzed inside vesicles or compartments which 
lodge each chromosome separately (Fig 83 1 and 2) 

Leptoteru! Stage (Figs 81 1 and 83 4) the chromo- 

somes become apparent ^vlUl greater clanty as long filaments 
well separated from each other tlicy begin to show the chromo- 
meres, which looV. like the beads of a rosary So precise and 
constant are the locations and sizes of these diroraomeres, that 
llicj may serve to idenufj some particular chromosome. 

Tlie number of chromosomal filaments is equal to the soiuaUc 
number and may be counted wiUioul difficulty in nuclei >vith a 
few chromosomes 

Tbe tmiigcmeal of tiw Icptoteno chnMDOuanc* u oltra irTtgolar bot thtj 
m«r be wuh • definite oriatetMo ud • teodestcy to be poUrued, directixif oee 
or both cods torrerd tlie mid««r membrane, cooimcmlT towd tbe point tr b ere 
tbe ccxitmome U loceted (Fi^. S) 

tMien polenzatioa ot tbe eadi ^ the cbromoiome* ocam they era amn^ed 
m e perelld end qgT er ge u l lorm, bemg Icnnid dote togetber el tbe pomt oi 
polemitiQo irbile tbe dutel end* (pray out in tbe naclrar centy Tbi* ptcober 
■rrangemm be* mei *d the nemo of *T)oaqoet” (Fi^ S3, f) Tbe Qemenis thet 
ere (till raotuUform approach each other enew cenunc Into lateral cootect. 

Z-vgofcncS/o^c (Figs 81,2and83 6 7 S 9) At the beginning 
of tins stage tlio umon of homologous chromosomes starts. The 
arrangement during tlic painng is vanod Sometimes the chromo- 
somes unite by llicir polanzod ends and the pairing goes on 
to llic antipodal cxtrcmirt In otlicr coses the fusion takes place 
simultaneously at various places along tlic length of the filamcnl- 
Thc presence of a bouquet and polanxalion in general seems 
to favor rcgulanU m pairing Tlic zygotene pairing is customarily 
colled s)7iapsis or syndesis, alUiough these terms arc fallmg into 
disuse. 

Tlie attraction of llio homologucs and Uicir later conjugation 
^ ^cr^ significant and constitute on important part of mciosis 
pic pairing is remarkabU exact ond sprcilic. It takes place point 
for poinu chromomcrc for cliromomerc, of each one of Uic homo- 
/nic ottraclion apparently results from o propertx which 
^ach chromosome hos of uniUng witli anoUicr to constitute pairs 



Fig. 6J. Varloo* typical itagea in meloaia. i Lart *** 

prcSa) cf the locmt FhryDotetrfx, ahormig the chrtnft^*im« 1 ^ ^ 

iromoaoma (X)) amncad In • parallel manner} 3 frontal ae» ^ ^ 
itaga} i prtlepttrteno rtage In the aama armnal} cUge 

Bufo artnantmf 5 polarization of the chrcnKaome* Jiu-In g th e ^ 

element ithich U »een belcnr againct the nuclear memhr^® rreoteo* •^*** 
tex chromoJomea X and Y (red waaseh Lutmllna tfromOTTi'J^^l of tb* 

m the planaria Dendrocoalum a i range d in *T)Ooqu*t formaocni 
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of genes and to begin Uicir interchange. On the other hand, ^ve 
recall that during the zygotene stage the chromosomes consist 
of a smglc xmdindcd lilamcnL In this condition it seems to ha^e 
attractii'c forces which will be satisfied or neutralized onlj when 
pairs of homologous filaments are formed * 

Amphitene Stage This represents a stage of equihbnum of 
short duration, characterized by a nonumform appearance of the 
chromosomes It is espeaallj evident when association is earned 
out between polarized filaments Under these circumstances parts 
of the chromosomes are found closely muted, fonmng hca \’3 
doable cords, while the opposite cictremcs are still free (Fig 
83 8) 

Pachy’tcne Stage (Figs 81 3 and 83 10 11 12) TNTien the 
longitudinal painng of the leptotene chromosomes is completed, 
a longitudinal contraction iates place wluch results m the forma 
tion of shorter and coarser filaments By the aid of refined tech 
mques a double constitution of tlie filament can generally be 
obsened (Fig 83 10 11 12) Al the height of the pachytene 
stage, the nudeus is seen to contam a group of double filaments, 
haploid in number From this time it contams lialf the full 
number of chromosomes, but this reduction is only apparent 
smcc each chromosome is double and is composed of two homo- 
logues in close longitudinal imion In eat^ cliromosome tlie 
double senes of chroraomercs can be seen paired one for one 
In some cases the correspondence ensUng among the different 
chromomcrcs lias been demonstrated not only m the mdividuol. 
but also among tlic species of a particular genus Belling has dom 
onstrated the imiformitj constancy' of size, structure and location 


homolo^a S loterm«dial£, ■mptutpne >ta|:e dunsc r\ prtene p*irni|p 9 «D£rtlrtT 
ttfp In the proem of pairing 10 pachTtmo (Ugv tbowmg tli« dooblt comUtntion 
of the b ralfutj (all th»e figum are from Daidroco^ain) // pachytene flap* in 
the Hj ihowing th« chro i no o em trhtch reach the irmnber of 2193t policed 
pacl\>tei» ctage fcn the locnn Srhutoccroi porenrTtna, ihornng the \ chroroo- 
•«ne m porlti e hHerop^krwia IS begimung of the iplotene (tigt fat Trilhi/m 
frrtlum^ 14 middle diploteoe rtage in the red weaael, (hoTring the chiatmata of 
•fh H'alent, ai mell a the rmcleolot sn the upper part and the »ex chromowme* 
ra the loner part of the micleui 15 terminal 6 ploteoe m the Innoan tpedei. 

the chunmata od the *e* chrtmwwo me a \ nd ^ raetaphata I (m 
poll nerr) m the lomtt ScKntocerT Th »et chromowme hat leti trocletc a^ 
e hetmrptinotHl tthile th other chrorao v i n ie t ihw their ranout con 
Cguratjont nd the local r t on of their chiatmata (1 3 Alter \%eonch, 1916 

^ after Saec. Itma nd De Bohertr*, I‘l3f 5 after Saer unputlithed i ^ 10 

her Cndet, 19 I // her FWling. l«r*S / her San, 1027 /J her Iloilim and 
Smith. 1933 11 after lOt fj after Roll r 193 ; U her Saei, 1930) 

In th devmptwn of th leptmene ami rTgritene t get th fhromotrtme ft con 
ndered to be formed br a ai *1 riametit Ilottcrtr c tea of preleptmece nj time 
hare lem detaibed (llu Imt, nohertioa) 
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of the chromomercs distnbuted along the pachytene chromo- 
some and, in some hhaceous plants, has counted 1500 to 2500 
chromomeres (Fig 83 li) It is a common finding that when 
the pachytene chromosomes are long they twine among them- 
selves, due to a torsion of the homologous filaments, thus con- 
stitutmg a relational spiral between them. Each chromosoms 
forming the double pacliyteno clement has its mdependenl cen- 
tromere so that each hrvalcnt has two centromeres. These are 



1X3 ♦ * 

Fis. 84 Di«rm ot / ujd J ewntaa own } 4 

rot*tK»i of the cl u o niitt di of a bivaleot, Tho orclea uxEcat* ® 

found verj close together About the Huddle of the 
stage there occurs a longitudinal cleavage m each homo ^ ^ 
a plane perpendicular to that of the pairing At this 
valent is composed of two homologous 

throughout their whole extent but each one separa ^ 

chromatids. This means that at this stage of tl^ The 

pachytene element consists of four chromatids (Fig 
chromatids of each homologuc are called calle<l 

Formerly this clement composed of four chroi^ti s , 
a tetrad a name which has been replaced by that ® ® r 
Almost simultaneously with the loogihidmal cleava^^^^ ^ 
chromosome, transverse breaks may occur at 
two of the homologous chromatids Immediately a 
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segments of tlic chromatKis interchange and fuse together with 
Uioseofthehomologucs (Fig 84,2) In tins process called cross 
mg over portions of tuo chromatids wth their genes are inter 
changed and two remam intact. The interchange never is earned 
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Fir 65 a^hAAKTr of tbe tixalau dimoic the diploteoe ttj^ A and th« 
fi C £) £, ibor^tog tha poauoo of the ciuAsmata The total auipber 
of the chmmata of each chnKnotonM ^<ni( iHith the camber of tennmal chmmata 
n naheated belcm the r«p«xti e chrermoKwoe, the former wuh iha larger fgure, the 
Utter «ith the imalier The xuim of the Cota! ohiasmata amf of the temucal 
thutmata for each nudeui are indicated at the rtght of each rene tn the form 
of rrumerator and denominator reTi>e c t el/ The let chrtiinDioiDe u md>cated hy 
X (Schu/cicrrcn paren^mis') (After Saez, ISJA.) 


out between dfluglitor chrotnatids, onl} between Iiomologous 
cliToniatids TJic new cltromolid iluis intcrcliangcd will be mixed 
each will have segments of Ote oUicr (Fig 8t 5) 

Oiphtcnc Sta^i (Fig 81 f 82, / 63 i ; ;5 8 1 3) After 
the longitudinal cleat age of cacli homologous diromosomc thev 
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start to separate, repelling each otlicr However this separation 
IS not complete, since the homologous cliromosoracs remain united 
together b> their pomts of intcrcliange (crossings over) winch 
are called chiasmata (Figs 82 1 83 14^ 15 and 84, 3) At the 

diiosmata tlio chromatids arc lield together as if by a ImoL With 
few exceptions, cluasraata arc found m all plants and animals. 
At least one chiasma is formed for each bivalent, Chiasmata are 
generally intcrstitiaL, that is to say they are formed in between the 



Namber of OiiotnuU 

hig. 86. Curves of the compandre tmjuency of chlumato in the diplote^ D 
tod in tho metaphose, M of tb« bimlents of SchJHoc^rca peranertsi* with th* 
data Uien from Fxg, 85. (After See*. 1938.) 

ends of tlio cliromosoracs (Fig 82 /) Tlicir number is variably 
smcc there raaj bo chromosomes winch have one cluasmo and 
others which possess up to tlurtocn 

The nomber of chfssmjita ii genervllx proportional to the length of the chiwDO 
•ome*, bnt there are excepUoiu. TIiu* in the hyeemth end m eome ortboptert^ 
insect* the short chronMWome* here «»lmnt the samo nmnher of chlnnuU «* U* 
long ones (Figs. 85 and 86) It h»* been «i«g«ted that this may 
genauc adaptation (Darlmgtcn, 1937) Tuna inay also play an iniloenUal roe our^ 
pairing. When the chromosome la long, the pairing b^inj in the — 

centromere and u IfVtng in the more distal reguaia In soch cases, 
fcBmed in the paired segments end fn the region of the centnnnero 
s ujiies presumably hare more tuna for finnj . Short mbtalocentric 
hare a greater number of chiasmata than matacentric chromos^ne*. 1° 
chmmosoma* chiasmata are localiied at the distal ends. Such chromosemes 
themaalTet more farorably to a mechanical displacement | 

During the diplotena stage the chiasmata m most spcao* begin • 
tending to reduce their number m each b nlent The moreroa nt ^ 

dhplacameDt of the chiasmata along the langtb of the chrtnnosome 
centrtitDere toward the end*. This duplacameiit of tha chiasmata was oengo*' 
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Urmlmh^ann (D.rliii*lim, 1929 ) (Rgt 82 , 3 84 •) 8 S) Dunot the ctnrie 

of tbt diploteDO «U«fl there fa produced a coaitracticn and thickemnf oi the 
< 4 n f>Tn«tiitt doe to the winding up of the fartenuJ tpuml of the chramoncnita. In 


lx 2x 

W (k) W 

■f 3“ 1^ Oc 

11 0 


5x 

m (i) 


(>“ 


Fig 67 Dugrasi of die confignratKRi <A the hlTelests dnring metaphase 1 
thoTMag the poeiuon of the chletmata. A, \\ith ncmtannfatalued duacnata 5 
^ tth DODtemunalrzed chuomata, hot with localixaUoo, C, ith cocopletelT’ tena- 
tnaloed chutmaU. (a) and (h) Subtermmal and roedian ceitramere a mdxcatcd 
\tj the arrow tx x 3 r Be«pecU\e mimben of the chiatinata. (After Darlmgtoa, 
1937 ) 


Or *«■«<. 

1'^ - J 

^<I> - o 

'ooc-Ooi-C^ 



AX -ei-r 


Fig SS Diagram of the tanous type* of tcrmhializatKiti, a, h c The tri^ wen 
*® FntUUru, with Ltlle temmulizaDon. change m poni on and dunmatKin m 
Bumher of the chiatmata d, e / trpe w«u In Campanula, with ternuoalizaUon 
of all of the chuimata Tb«« are m the waj d coraplning the procwi (After 
Darlington, 1937 ) 

e««K» thfa loogitudmal contraction of the chromatids fa slntJ r to that which 
«Cttn m mhoirt (p*g« 179 ) 

At th ume time there occurs e thud nwremenl called rofafton, whkh seerrts 

In terta n ettiTnimJ caws the chiasmata are malnt med hi almost the same 
^rtgmal frtrn the diploteoe tape op t the diahin<*ns and beginmne of the 

netaphai* (F gs 87 8 S and 69 ) 
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to refolt in pert from the ume force of repnloon to which if attriboted the dntr 
gence of the homologoua chromofornet. Thu roUtraa u nMre ohrious nha tb* 
bhalent h«f e single chiAsma Figure 84 ^ 5 shows the arms of the Uraltsl 
eteoitinga moreiiient which contifts of a rotation of 180 degrees until thej acquirt tbt 
form of a cross (Figs. 82, 2a and 84 5) If there are two cluasmata, tha openfaip whkh 
occur between them co ntm ue to widen tmril « nng is fonnedL If there are Bxn 
than two, the rotation gires me to a Bgure 8, or to a chain of Unis each one d 
which u perpendicular to the next. Theta difTereiit mor em ents gire rise to the clinl 
emfiguretians of the biralents m the form of V 8, X, O, -f found at the cod d 
the diplotene and m diakmem (Figs. 62, 1 68 and Upoe ccanpletiaD of th* 



onroeroia chiasmata (the nomher of which ts indicated in each birilBat) (Aftit 
Darhngton, 1930.) 


tennfaializatian of the clnxmar f, the homologues ar* maintained m mrt^ hT 

tenmnal chiasmata (Figs. 81c, 55 ftft- , /) Long chromosomes goierally ha^ * 

partial or Teiy lumtri termiaalmtuci. TnuUscertiJa vifgvdana ccnstltates *° 

tjon since, in spite of the fact that it has rery long chromosonie*, h shorn 

ter min a lirat Mn (Darlington, 1929 Rrehardson, 1935) The degree 

appears to depe^ upon the repulsions bet w e e n the chromosomte and 

centromeres, and upon the length of the dnonrosomei. There exists also a ceitaiP 

rtlaticn b et iie eu tha degree of contraction and the terminalhatimi (rf the 

There are cases m which the ttfminalization u inl e iiu pted doe to a chinge^^^ 

doced in the homalogy of one of the chromosomes at a particnlar 

occrarence impedes peirmg Soch a happening may mdicate a disharmoy 

the bomologuef In the last instance, the localixatkn, tarminalliattcn «pd 

of the chtarmita m the metarhaise are snbject to the operation of 

cculioL The degree of t»T TnfnHltT«hiiii may be expressed as ■ cosF*®®* 

Umdnedization (T) 

h amber of tcrmliial chiamata 
“ Total namber of cbia»™“t* ^ 

The atoag* mnnber of duannata which are fotmd in a ^ ^ 

the biralents of a nuclens canstitntes the freg u gney of cMasmate: (Fq) 

To understand better the ranoos znotuxu which foccerf efttf 

meiofu and to runahze the spatial relationships of the — tici 

balpfol to use a plastic material, cords, or w u ss eiid to model in* 
arue at the Tanous stages. 
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The graphic erpmiicQ of thu m • curve wch « that thowri in Figure 86 

Diakinesis The transition from the diplotene stage to that 
of diakincsis takes place gradually Diakincsis is cliaractcnzcd 
by an accentuated contraction of tlte cliromosomcs wlucli is even 
greater tlian tliat found in the final stage of tlie prophase of 
mitosis Tlie traces of sphtting nhich persisted during the middle 
and final phases of tlie diplotene stage disappear The arrange- 
ment of the chromosomes in tlie nucleus is subject to tlie same 
conditions seen at the end of the prophase of mitosis and depends 
on tlie relation existing between tlie size of the bivalents and tlie 
\nlnmn of the nuclcus Tho nucleoU behave much as m mitosis. 
Mcannhila, tlic process of tcrminaliiation continues while tlio 
number of mtcrstitial chiasmala dimmishes The cliromatids re- 
mam connected bj tlie chiasmala and arc mamlamed imtil tlie 
metaphasc VN^cn temnnaLization is completed, tlie members of 
the pair of homologues remam m contact only at their distal 
extremities where the centromeres arc located. Tlvc condensation 
od\‘ances along with the linear contraction, which now becomes 
pronounced. Thus prometapliasc is roaclicid, tlic charactcnstics 
of wlncli arc similar to those of the same stage in mitosis 
Spiralixation reaches its virtual mavimum, Jie nuclear membrane 
disappears and tlio clunraosomcs become arranged on the equator 
of Uic ccU to begin tlio mclaphosc. 

l\iciap}iasc I (Figs 82, 3, 83 16 and 89) Tlie biialent 
cliromosoracs arrange Uicrasclvcs m tlic equatorial plane so tliat 
Uie two members of each homologous pair arc found witli their 
centromeres directed toward opposite poles (Figs 82 3 and 84 5) 
Ulnlo in mitosis llicro is a single ccnlromcrc which unites tlic 
clironiosomes, in mciosis llicrc arc t^^o centromeres and tliesc 
occur separated from each otlicr at llic time of tlie motapliase 
Eacli homologous cliroraosomo has here a centromere to whicli 
the daiiglitor chromatids arc united, ^^c ma^ recall that Uio form 
of Uic metaphasc clirornosomes depends on tlic location of tlic 
centromere, on tlic sire of tlic clirornosomes and on tlic number 
and position of iJic duasmata Tlic repulsion of llic centromeres 
IS accentuated and llic diromosomc is foimd on llic \ ergo of dind 
mg U thcbwalcnt is long il presents a senes of annular apertures 
lictwccn the chiasmata m planes oltomating perpendicularly 
among tliemseUcs If Uic chromosomes are sliort, Uicj base a 
single oponuro of annular shape or they cvliibit Uic form of a 
‘haft, rod, or sphere (Figs. 83 16 and 85) 
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In certain cases tlicro is a third splitting by which the bivalents 
come to be constituted of a double chromoncma in each of tbar 
chromatids In such instances each bivalent presents a structure 
composed of eight filaments instead of four It is presumed that 
this separation is produced subraicroscopically at an earher tnne, 
but it comes into evidence at the end of the diplotcne stage or in 
the metaphaso and anaphase I and IT It is best observed m tha 
mitoses m the pollen gram (prophoso of the first mitosis of the 
pollen gram or microsporc, see Fig 70, b) This last dmsian 
should not be confused \vith the mciotic divisions I and II, mice 


it actuallj corresponds to a postraciotic mitosis. 

Anaphase / The daughter chromatids, muted by their centro- 
mere, mo\ e tou’ard their respective poles TTie short chromosomes, 
generally connected bj a terminal lasma separate rapidly The 
long chromosomes, %vith mtcrstitial and untcrminahred clnas- 
mata, arc delayed m their separation While the tcnnmalization of 
these chromosomes proceeds, the chromatids separate gradually 
as if ovcrcoramg the resistance of some adhesive substance bind 
mg them together This is explained as being due to tho resistance 
of the chiasmata as they arc passing to tJic end of the chromo- 
some. For this reason, long chromosomes are delayed in their 
u’ay to^^a^d tlic poles In profile, anaphasic chromosomes show 
different shapes w tuch depend upon the position of the centromere. 

It should be recalled that bj virtue of the formation of the 
chiasmata, a transference of segments was produced between the 
t\vo chromatids of each homologuc. Thus when the homologcfui 
paternal and maternal cliromosomcs separate m the anapha^ 
they have a different composition from that of tho original*. 
Two of their chromatids are mixed, while the other two maintain 
their initial nature (Figs 81, 5 and 82 d) Each centromere is 
directed to^va^d a different pole, the maternal centromere to one 
and the paternal centromere to tho other 

Telophase I The first manifestations of tho telophase bepn 
as soon as the anaphasic groups amvo at the 
These arc tho reconstruction of tho nuclear membrane and 
transformation of the chromosomes The latter is, howevff n 
always very marked Chromosomes may persist m a cond 
state showing all of their morphologic^ chaiactcnstics. In 
case the two dau^tcr chromatids diverge from each 
edly as if mutually repelling, anH acquire tho form of V ^ 

81 6) Following the telophase there is a short period ca 
inierkncsis which has charactcnslics similar to the mtcrpna*® 
The ends of tlit flimTTw,frtfn#* hsre. tn •obic • certain 


(Hn^HW-Sdirtder 1945 1945) 
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mitosis (Fig 81, 6) The result of this division I is the formatioii 
of the dauglitcr nuclei, \\hich m animals are called spermatocytes 
II (m the male) and oocytes II (in the female) 

Prophase II After the ijitcrkmesis a short propbase takes 
place, folIov.cd by the formation of the achromatic spmdle which 
marks tlie beginning of the next stage. 

Metaphase // If we observe the cliromosomes in polar view 
during tins metaphase, w^ find that their number is half that 
of the somatic number The chromosomes become arranged on 
the equatorial plane, the centromeres divide and the daughter 
chromatids direct themselves toward the opposite poles (Fig 
81, 7) Smeo in this division the longitudinal halves of cacli 
parental chromosome (chromatids) separate, each one of the 
four nuclei of telophase II wall have one cliromatid vvhich now 
IS called a chromosome Each nudeus has a haploid number of 
chromosomes and one complete genome, in which each chromo- 
some is represented once (Figs 81 S and 82 5) 

The ewncM e/ the maotic pnont x Mcn m th« formfetm of four midet, e*di 
diHerioi; from oOtaix, ta ^hich nch chromoioou of tke p«rem b rrpreiaited 
oBce. The tout mtxntier of dinnaot<szws b not •ctiu'Uj “roduced,'^ seiitier to tbe. 
Tint TttK m the tecaod dmnoa, but the Gn«l molt of the two dinoom u the 
datnbutno of the chionHsoroet. *nie older c o utept of reductiotul ei)oatimsl 
diTBWDt, hr wtuch the bomolo(Qu« chrofooaoiDM ere tepanted (or ee^nfated) in 
the Rrtt djnsen and in the teeood, the hal%ei of the unne ar« •eparaled, caimot 
be nnctljr eppUed m the Ufdvt of modem IcDOwledge concerning the phetMMnenon of 
ctohiuk mer (see below) In Figure 81 dtromoKone B b eflecting ■ “rednction*' 
m anaphase I and an equattooal di^uwm in anaphaic IL On the other 
Hgnient located between the dmal end and the churma of chroosoeome A u 
effecting ■ “reduction" dlntion m anaphase IL A ample c hr omowBie may thua 
carr^ out a redoctional or an eqaatinnal dirukm In either ant of the two dirbumt 
(Fig. 82, •/ 5) Eech chrommome may eeparaU independently of the re«t of 
lb* gronp and direct itaeUi with e<ittal probability toward tithcr one of tht two 
piJea. 

Metoui shoold be considered as a profound modifianion of mitoiu by an altera- 
tion of the tune relationships at which the chromosornes po r and dinde loofti 
tndmally The propbase u more precocious in oiemsts and, therefore, the homologous 
chrcniMvtQM^ accompl sh the painni; before they becoma double fDarlrngtan) 
Mevwn u a mechanism foe distributing the hered tan units or genes, permitting 
thw fortmtoui independent recombination. CrtKsmg o>er prtnides a means wh ei e b r 
genes which are found in different chrtnnosooses can bo brought together and 
"cotah nrd U th I process did not ul* place the esoluuoa of the ipeaei would 

‘ispended by unalterable hromoumes and Urlng namre would not hare its 
citaract*TirtK dtieruty 

THE CHROMOSOMES AS THE MATERIAL BASIS OF HEREDITY 
TTic tendonej of offspnng to rwcmlilc progenitor is called 
Itcmlits let offspring do not resemble their progenitors exactly 
Tins common tendenej m plants and animals to shots dis 
similantj git cs imporUmco to the stndj of heredity A child may 
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in some respect resemble its father m another its mother or eren 
an ancestor, although it resembles no one of them m all respects. 
Present day biology is able to cxplam m part the causes wbeh 
have determined the production of such different charactcmtKS 
m progeny 

In 1865 Gregor Johann Mendel, while studying the crossa 
between peas {Pisimi sativum) discovered the laws which rule 
the mechanism of hereditary transmission. A long senes of ei 
penments, continuing up to the present day have demonstrated 
that these lavrs of heredity arc widely apphcable m the biological 
werld. 

In order to imderstand these laws better let us take the case of 
a cross betwreen two different varieties of the species Muabihs 
jalapa^ one with white flowers and another with red flower*. 
The generation which results from this cross is called Ft (first 
filial generaUon) and consists exclusively of pink flowers. These 
indrvidu^ crossed among themselves give [m the following 
generation called Fi (second fihal” generation)] red, pmk, and 
white flow^ in the proportion 1 2 1 (or 25% 50% 25%) 
(Fig 90) The plants with red Dowers and those wath white, itbcn 
crossed among themselves, produce respectively red and white 
flowers On the other hand when the pmk flowers are crossed with 
each other they give nse to a generation with the same proportu® 
of colors as m Ft (1 2 1), and so on. 

The experiments of Mendel on peas seemed much more com 
pheated than the crosses occ u rr i ng m Mirabihs. Crossing* for 
example, a dwarf with a giant plant, Mendel obtamed m the 
Fi generation giant plants exclusively and m the Fi gcxitj atian 
plants of different heights, but m a fixed proportion of three 
giants for one dwarf plant (that is, 75 per cent and 25 per 
cent) The crossmg of the members of this generation 
themselves showed that tbo dwarf plants always produced 
mdmduals (just as in the case of the plants ■with red or white 
Dowers in IVIuabilis) but the giant plants in succee ding genera 
tions gave the same proportion of giant and dwarf plants as m the 
F» generation (3 1) 

To cxplam these facts, Mendel supposed that within the 
cells (gametes) there should oust a factor corresponding 
visible (phenotypic) character "When a giant plant is 
vnth a divarf, m the mdividuals of the F generation the facW 
of gigantism and of divarfism are jom^ together (for 
reason thej are called hy hnds) , 

This last character (dwarfism) although it remains . 

actually is found m the gametes of the hybrid, as demons ua 
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by tho fact that in succeeding generations d\\'arf plants arc 
produced in a fixed proportion. Mendel ami’cd at the con 
elusion that in tlieso gametes the factor giant (a dominant 
factor) dominates tho factor dwarT ^^luch is hence called 
recessive 

In tlio crosses which Mendel made he was able to prove 
that, as a consequence of dominance, tlic relationship 3 1 

pertains only to tho visible or phenotypic cliaractcr Indeed when 
tho experiments ^vc^e followed in the Fa, Fa and otlicr generations, 
there ^^'as found among the giant plants a fixed number (25 per 
cent) of tall plants which always produced giant plants witli this 
same characteristic. These plants correspond to tho tall plants of 
the first generation (called parental P) and can be compared ^vltll 
the red or white plants of the Fi generation of Mirabihs 

Until now only the visible characteristics (phcnoty'pic cliar 
actcnstics) of tlic crosses had been studied In order to explam the 
mlimalc raeclionism of this process, Mendel tlieonzcd that the 
hereditary units of tliese opposed characteristics {alleles or allc 
lorrtorplu as we now call tlicm) are localized in the gametes and 
arc separated in tlic hybrids In this way upon tlio formation of 
tlic sex colls, tlic hereditary units are distributed among them m 
identical proportions (first law of Mendel) In tho fertilization 
which follows tins separation the hereditary umls arc recombined 
according to tlie laws of chance and, in Uus way new combmo 
tions and recorabinations arc formed tho number of wlucli do- 
pends upon tlic clioractcrs which enter into tlic cross (second law 
of Mendel) Wc now call tliesc liercditary units genes 

Considcrmg ogam tlic crossing of liJirabilis jalapa The white 
and llic red flowers ha\c gametes wlicre the gene^ white or red, 
IS represented in double quantity (one from Uic female parent 
and the other from the male) In tlic diagram (Fig 90) these 
factors or genes arc represented by a largo circle with a double 
R or a double r rcspccU>cly After Uic process of raciosis, all of 
tlic gametes will conlam only one factor R or r From tlic union 
of Uic sex cells containing R, w^tll tliosc containing r a plant 
onginatcs wnUi Uic genetic constitution Rr Since Uicsc char 
actensUcs arc intermcdiar) plants will dciclop wiUi the pheno 
typic character of possessing pink flowers Tins type of Dower has 
types of hcr^itory factors and for tins reason is called 
gous In the course of tho production of Uic new gamete^; 
these factors arc separated and two types of sex colls arc formed. 
50 per cent of whicli contain Uic factor R and 50 per cent of wliicli 
conlam Uio factor r To Uiis process one can apply tlic first law 
of Mendel, 
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When hybnds of this type arc crossed, there are four pos- 
sibilities (according to the laws of chance) for combinations (see 
Fig 90) 

RR Rr rR IT 

Of these combinations the first and last arc homozygout, 
while the other t^vo arc heterozygous 




When more than two characters arc crossed, the number o 
possible combinations increases Thus, for example, crossing pc®* 
having yellow and smooth seeds with peas having green an 
rough seeds jnclds, in the Fi generation, hybnds >vilh 7®^°' 
(dominant in relation to green) and smooth (domm^t 'Vi 
respect to rough) seeds "When these hybnds arc crossed they gi^ 
(m the Fi generation) not only homozygous 
green rough seeds, but also jellow rough and green-smooth ( 
last Uvo heterozygous) in the follow’ing ratios 
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9 I 3 t 3 

YrilcFW ^ ellcm Green 

Smooth Rough Smooth 

(b omoi j B om) 

beteromcoo* 


1 

Green 

Roogh 

(htnnoxjgoQt) 


To tliese processes one can apply the second lau of MendeL 
since the gametes of tlio hybrids became united- forming all of 
the possible combmations In the case of more than one pair of 
characters neu combmations are formed, as m tlie appearance 
of } ellovr rough seeds and green-smooth seeds 

In summar} the la^vs of Mendel may be defined as follo\'‘S 

1 Law of the separation or segregation of the hereditary 
units Tlie hereditary units which represent opposed characters in 
a cross are separated in the hj bnd at the formation of the sex cells 
and are distributed among these latter m identical proportions 

2 Law of independent combination The hereditary units, 
separated durmg the formation of the gametes, unite agam in 
the following generation according to the la\\'s of cliance and 
form new combinations and recombmations, the number of which 
depends on the number of the diaracters whidi enter mto the 
cross 

In the folloNving table are given tlie gametic and xygolic 
combinations in accordance with the numb^ of pairs of factors 
m the hybnd. 

TABLE IX 

Ga^htc Aifu Ztootic CoMBinA'no'«i in A<xou>Ancx wttb NtruAO or Paixj of 
Factou in TDC Ilmio 


SumliCT of Pairf of | 

F rton 

NombrrofC inrt«, 

D BwmV Cl»»^ in 
Equal Nnuber 

\mnbor of Z}goUe 
Cotabmatioas la th 1- 

1 \A 

i A- a 

4 3V- 1 

i unt> 1 

4 VB Ab. B. i> 

lit 9\B S\b.SaB lab 

3 ViDbCc 

8 \BC, ABo AbC.aBC 

'04 <7ABC B(\nc AbC, BQ 


Abo Be abC be i 

1 S(Abc. a&r abC) 



1 be 


10 



S< 1 

IWl 


If«l 

1 01S4« 


10-^ <15 

fSl 4 4^0 “10 0J« 


r 

4 


' '■ ih^ «prx‘Ar«ncf of ih^ of Conrm. Ttchernuk and nrt. in 

'tuth tb^ cmCrmod ih< f mom muitt of Mmd I, Mootgomcr^ (1901) (nho 
‘ it*® pfHtuUtr* of Mood 1) found th I durmg the fomuUoa of 

U IhF r4Um«] *nd Butemal chromoaoinr* breom* umtrd m p*irt (coch^luxi) 
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before being Mpentaii The pereUeliam betwe en the mtchantnn of the Mmdilk) 
f ac ton fTift the chromoMme* wet, bonorer dtfinitelj ettebluhed bj* the pobhcatiai 
of three rliwtral worhs, in which eridence wat giren of the nunihological tad 
phytiologicel difference* of the chromowme*, Boreri end McOnn*, m 19Q2, »• 
dependentlj ihowed their functional difference* and Satton (1902) d emnnflmri 
their morphological rhiroctenttic*. 



Bmm, studying loriae of the •ee-utthin m which on eiperiniQ ^ 
of the normal cambmatran of the chmuMMome* wot produced by 
fertilmtun, reached the conclimon that a giren combmation ofchromow^^ 
exsential m order to complete the narmol dcieloproent of on byi<*b 

a deOmte mtrnber of chranjotames wo* not nece«»*ry McQong »rt ^ ^ 

ecLS that the occenory unpaired chnnnoaome* (peg® 242) ^ raUtkn b*" 

locQsti, was the sex detarmmant and suggested for the firtt tn w y ^ 

nvem a particular chromosome and • fpeci/k character ^ ^ 

precnrwr of that propowd >eai» later by Morgwi, who chren**®' 

Imied hereditary fortori from the alteraating distrxlaitMn « tno rm* 

(peg* 220) Sutton demonstrated that lha chronjoeome* of b iac*P®'^ 

homologooi end that they muted m pair*, later to be sepiate d and m w of th* 
mto each gtrm cell so that each one of tKosa contami one chrotncoonie 
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TUj imporUort ot*<TT»tioti inadB mdent the parmllelHin betwera Mfodflien legre* 
gitUD the segre^Uoa of the biperenul chnmio*ome*. Th«e duccrme* Uid the 
foranUticiii for t^ chromotcnne theorr of heredity 

Aj ^e h*Tt *eai, the mecheiuim which explems the tegregetioii of the genes 
fa thf pemtig of the bomologoos chromosomes end their leter seperitwo, eech one 
to fernn pert of the nerilj formed cells. If in the crotsmf of a pair of allelomorriii, 
the ‘fr^tnant gene (A) were m on# chromosome and its receerrre allelomo r ph (a) in 
the l espe cti re bosnologue, the method of dfatribotian seen in Figure 91 would o ccu r 


A 

x.f 

I 

\/ 


I 

' / 



b 


Fig 91 SegregitiQQ according to the laws of chance of the chromosomes during 
the first metoUc diridoiL a, a heteramorphic (oseqaal) pair showing their be- 
barwr with res p ect to the sex chramosame indicated by \ h behanor of a chromo- 
some with regard to the sec chr om o sutn e which U paxtmg toward the oppcmte (left) 
and in another cm toward the same (right) pole as the latter (o, Ait^ Carothers, 
i after Seal, 1931 ) 


We owe to Carothers a senes of worts which rery well demonstrate the 
fartnitocu segregation of the chromosonKS. Doe to the fact that in locusts of the 
Rwwra Grcotettu and Tnmerotropu some pairs of chromosomes exist m which 
the bomologues are different (hetenjmorphic) (one m the form of J and the other 
of I) the was able to study m detail the passage of each on* of these elements to 
the diflereot poles daimg the first part of the anaphase She look as a pomt of 
reference the sec chromosome which u ttniuircd and found thel m 300 anaphases the 
larirer hoinologue of the heteromorphic pair passes to the same pole s the set 
chroroosome m 5U per cent of the cases This agrees er^ well wnh the theoreOcal 
distribution which would predict that this chromosome would pass to iiher pole 
50 per cent of the distnbutiOT (Carothers, 19‘*6) (F g 9_, c) In the loom OrphuUUa 
F^ndaJa one chromosotne which tr* els ahead of the others m the frrt part of 
^ metaphase passes somrumes to the same pole as th sec ch-omosome, and at 
other times toward the oppm te pole (Saer, 1931 ) (Fig 9_, f>) 

If Di table Pw. instead of pairs of factors, we had pairs of chrtjmosom<*t 
which re freelr d stributed, we would ha * a clea example of th mechanism 
of segregation, f gure 93 lUmtrates this mechan tm m the case of four poir* of 
chromosemes d tnbutM eccordms to chance and thar respect e combinations m 
each one of the t xteen gnmetes formed, as is seen m Drosophila nylampasSer 

Unkoge and Ooising Over 

Intcnsiic It^d^ ontl exp^nmentatton on Mcndclian hcrodilj 
lod to Uic Mcti tliat in mon\ ca<rs there is not absolute m 
dependence of the factors located in llic rhromrHomes and tliat 
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there is a certain limitation to the free segregation of some facton 
It was seen that m such cases there is a marked tendency for 
parental combinations to remain linked and that a lesser proper 
bon of new combinabons occurs The phenotypic proportioo 
differs from that which is to be expected m accoidance with the 
second law of MendcL 



cniwnrowiDei aunng oog«iefW oi Lrrctopftua — iA 

and the tigou. Balow the 8 tTpei of dutiibotjcn which will gire n*« to 1 
of gmiDCtes In white, the miternel chramoaonMO fa blech, the peternet. I 
Babcock and GIan*«n, 19Jt ) 


If for example, one crosses a dihybnd with a double reewov^ 
four combinabons may appear in the proportion 1 i 
Thu cross can he represented 

AaBb \ ubh 

1 ABah } Abab i 1 aBab t 1 ebab 


It IS intercsbng to pomt out that the progeny of 
corresponds, in its aspects and proportions, to the c 
gametes produced by the hybrid father Now if the 'vo ^ 
(A and B, or a and b) arc in the same chromo^nie nts t^ 
different chromosomes, the result of a cross of a diny 
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crrOGENETiCi 



^ Dontul tomjlic chromotom^ of ihe f nul •rr rrrnrvTilfd (Afirr TinjoffofT 
f^*oT 1039 ) 
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the recessive will be different In this ease tlicre appear onlj tno 
combinations m tlic proportion 1 1, each corresponding to one 

of tlie parents, thus 

ABab \ abab 
i ABab 1 abab 

Figure 96 illustrates the mechanism of mciosis and the forma- 
tion of the gametes m tlus hybrid wluch possesses the two genes 
vTithin the same cliromosomc. Tlio name linkage is apphed to the 
coexistence of two or more genes in tlie same chromosome. Lmtage 
may also bo defined as the tendency for tvro genes to remam 
togctlicr in tlie same chromosome during hereditary transmission, 
Lankagc of factors was discovered dunng the analysis of crosses 
of different varieties of the sweet pea {Lalhyrus odoratus) wluch 
differ m tlic color of the Dowers end m the form of the pollen 
grams (Bateson, 1905) 

In 1910 T H Morgan and his collaborators commenced the 
genetic stud^ of a small Dy witli gmyisli body and red eyes, 
Drosophila mclanogaster m which a mutation to white eyes 
appeaixid While now crosses were corned out, new phenotypes 
and mutations were coiutantly being discovered (Dies withetrt 
\ving8, witJiout eyes, witli short wings, with yellow eyes, without 
bristles, and so on) From this multitude of new facts, Morg^ 
readied tlie condusion Uiat, due to tlie linkage, all tlie genes of the 
fly whidi arc linhcd arc found divided mto four groups, and tliat 
tho genes of cadi group aro linked togetlier Each group of genes u 
then transmitted to tho progeny as one umt From this arose to 
view tliat tlie genes of each group oro foimd united m a single 
chromosome, whidi serves as their vchide. In Drosophila 
four pairs of chromosomes, cadi with one group of genes. Tho firrt 
diromosorao has about 500 genes, the fouilh chromosome, which 
IS tlio smallest, has somowhot more tlian ten. Multiple cj^®**** 
showed that tlio linkage of tlio factors is not absolute and tot i 
may bo broken with a certam frequency If a hybrid ' 

of tlus insect with the genes gra^ and “long wmp 
dominant) is crossed witli a male wnth tlic genes 
vestigial wmgs (double recessive) wo liave an unc-ypoct 
result, smee mstead of two classes of descendants fo^ arc o 
tamed The first two combinations are tlio ones expected an ap* 
pear m 83 per cent of tlio cases tlie otlicr Wvo arc new 
tions ( gray vestigial wings and “black, long ^vmg3 ) ^ 
pear m 17 per cent of tlie cases Calhng AB the dominant 
and ab tlie recessive genes located rcspectivclj m cadi 
some, tho following result is seen 
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Slfe i\t illJ 

I ' gjc- 17<- 

Morgan set forth the hypothesis that Uie fhes composing tins 
17 per cent are tlic product of a rupture of tlic linkage and that 
the recombination or tlic formation of new combmations must 
come about through an intcrcliange of parts between the two 
chromosomes of the hybrid This phenomenon was designated 


Ehf 


Tout color bbndnat 
(recnu •) 

OolrofDfrt 

\«Tod«rsui ptgm«irtQu 
(le c w o •) 

Oguctui dnesM (r«ce*n\e) 

Eptderroobcu boUeu 
(ncm to) 


RetmitH ptgmeotou 
(rocout 0 and dommant) 


^ I 

rjf OS G^rtic map of ibo \ chromowne of mao Tvith ui peso* localurd fn the 
rogKia of painnp mdtcatrd m black. (After Ilaldaoe ) 

crossing o\or and tins term has become a part of tlio general 
htoraturo, being omplojcd in oil languages at tlic present lime 
Morgan and Ins collaliorators supposed that tlic genes lm\c 
a linear distnbution in tlic chromosomes, lliat tlicj arc located 
m a constant and dofinilc order and always occupy llic same 
l>osiiion m llie chromosome Thorough studies hose been mode 
of all the classes of combinations of a great numlier of genes It 
has l)een found conscnicnt to represent tlic results grajihicnll) h\ 
iJio construction of maps of each chromosome sliomng the topog 
and respocUse locations of Uic genes (Fig 91) Mairo or 
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com (Zea) which is perhaps the most thoroughly studied of th( 
plants, has been mapped very completely with the localuatira 
more -KW genes Chromosomo maps also have been coll- 
ected for the hen, the mouse, tho ssveot pea and so on. In the 
h^an species a senes of genes have been localised in the icr 
chromosome (Fig 95) u 



Crossing Over and Chiaimata 

If ■^o genes are located very close to each otlier inside the 
Mmo chromosome the chances are small of crossing over ocenmng 
between them and of separation during mciosis Such genes are 
apt to stay linked together lu which case tho four resulting 
nuclei will have the combination of the parental genes AB and ab 
(Fig 96) 

K a crossing over between the two genes occurs, t%vo of tlie 
nuclei will bear parental combinations AB and ab and the othw 
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tu'o nuclei w"!!! have new combinations (or recombinations) Ab 
and aB (Fig 97) Tlie farther apart the two genes are in the 
chromosome, the greater will be the frequenej ^vlth v^hich a 
chiasma or crossmg over ^vlll be produced between them- Conse- 
qucntlj the more frequent will be the recombinations m t^^o 
of the four nuclei from each mciotic process Such data are used in 



fie 9r Dtacrmni o( the »«givgQUan o( pain of c«na located m the tame pair 
of chroQioionics m which ennune mer has occurred rfunre muotu (Imiage witJi 
fTWtinj oTtr) Four difTercot clane> of gametes AB, Ab, aB, ab rttulu 

constructing genetic maps of cliromosomcs The number of units 
bcluccn tuo genes on the map is gl^cn bj the percentage of 
rccombinalinns among tlic products of a lorgc number of mcioscs 
^^^lcn l^^o hnked genes arc found \cr> dose together m tlie 
chromosome, llic percentage of recombmations is low Tlie per 
ccnlago IS equal to half of the aivragc frequency of chicamaia 
or of inlcrcliango bct%Nccn llic U\o genes 

Let us gi\c on example If in 100 mcioscs tlicrc arc onl> ten 
»n >%luch a crossing o\cr occurs between two genes, there result 
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20 recombinations and 20 parental combinations (since ten 
mcioses produce forty nuclei) The otlior ninety raeioses giro 360 
nuclei (90 X 4) watli parental combinations Hence the average of 
the recombination is 20/400 = 6% From this one deduces that 
the distance between tlie two genes is five units. Considering the 
case of the cross analyzed on p 221, m which tliere are 1 7 per cent 
recombmations (whicli signifies tliat there is a distance of 17 
units bet\veen the two genes) tlic frcquen<y of chiasmata h 
34 per cent In tlie cross of Drosoplula between 'yellow body” and 
white eyes, tliere is 1 3 per cent of recombinations and there- 
fore this corresponds to a frequency of chiasmata of 2 6 per cent 


According to tha theory of chumutypy (Jeimens, 1909 1924) suthCed by 
DftrlmgtoD (1930) (portul chUgnatypy) “All chiagnata result from crtwinf ertr 
between two dirometidj of the pertner dmunoeonics” (Derlmgtoo, l93r) Th* 
theory holds that at the pom( of formaUon of a chiasma there are two chromitA 
T\hich mUrchaage and t^o which do not, amounting to 50 per cent cxossiiif om. 
When la a bl^a]ent there is a ciuasma frequmey of 1 0 one infer* that m two 
of hi four chnanabds an interchange has occurred. In this case, as each cjobibj 
orer cocrespotids to one genetic unit, the chroanoManei are considered to be 50 
units m length. In the sacoe way e bbraleot with ■ chiatma frequency of 35 ts* 
125 units one with 2 0 has 100 units, one with 4 0 has 200 gwjetlc hdH* 
(Table X.) 


TABLE X 

btapOEUCT OP CiUAiMATA, Total LEffom ow th* Map Cucuiatxd Cttoloowiu 
ATTO Actoal Gmirro Map u* Maol 
(T»Acn frotD White, according to Darhaglcai, 1937 ) 


1 

1 

1 Length of tbe ! 

Map In C cortic 


1 Dlls 




('hissmat 

Calculated 

ToUl 

Kson n Total 

S 0^ 

les 

loa 

S <3 

1«3 

58 

9 — 

150 

09 

i 95 

148 

80 

8 95 

148 

44 

S 80 

110 

ji 

i 4S 

193 

so 

i 45 

193 

90 

8 90 

no 

61 

1 05 

©8 

08 

*7 05 

I 135J 

1 010 


XoBibrt of 
Oenrt Prrwot 


BeatDo (1932) stud ed the frequency of chiasmata and of 
hybrid of Z€Q tuchlama and found 12 per cent crossing ow wnwi ^ 
to 24 per cent frcqaency of This ccancide* appmrimately wj 

quency actnally found (20 per cant) 
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Sbc« a crooing oxer drtffmnne* a cJuaima, ra diploid and tnplcnd orgamom 
wt hare tha *am# mnnber of chiatmata per chromowme. In a tnpload 

todlrtdaal, rra iboold hare 3/2 tune* the number of duaimata fotmd m a diploU. 



Fi* 93 DiCTeifTit rel twmbifH bet^^rm mo luccr^ure cblaimata {12 3 ^) 
y’d tbe product* of the double e cban^tc (5 d 7 S) in the tame biralent. / 5 
2 ^P^ccal purt of cbianntta (mo (trand* eiclianfrll 6 nmpirmmlary pain 
« chlatmau (four itrand* eichin|::e) J 7 nd ^ J dsaeonsl pain of chiatmata 
(Umertnndte cbanpe) (P rtiallj- re»Iniwn from AMi te 19t5) 

^"’■'thn- mamfnUt on of the relal on between cl u<mala and crotunR orer 
” Prm br the phenomena of InXrrfrrmer >ih ch 5* th hih b Xory InDaerca 
rtni^ br one ^launa on the fontntion of another man arby nxicm. If for 
* ample lha dnlaocei betrreen « and b and between h and c re small (T e tmlti 
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or lets) a c ro n ing ortr b e l we tn a and b preronU acotber at the ume time betwtcs 
b aztd c. If a cbrmooaame U tbort, mterference may’ prerent the fonnatkii of loen 
than one chUnna. 

Multiple exchanges As explained above, when a cbiasma b 
formed there are tuo crossover chromatids and Uvo non-crossorer 
chromatids (50 per cent of crossmg over ) In the case of double 
exchanges (double chiasraota) only two or three or all {obt 
strands of a bivalent (2 strandL, 3 strand and 4 strand exchange, 
sec Table XI) may bo involved (Fig 98) Tho three types of ex 
changes occur respectively m tlio proportion 1 2 1 (lee 

Table XI) 

Although It is difficult to distingiush those different types of 
relationships between tlio chiasmata cytologically they hare 
been observed in the grasshopper Mclanoplus femurmbnan 
(Heamc and Huslons, 1935) 


TABLE XI 

pAomicrt or Doublc Excoamod m nu Samx Bttai-int 


Type of I>ouble I JcKenffO 
BiTAleot 

Type^ of ChLawuite 
neU(toB«Up 

Type' of Cbn»elU^ 
l*rodurtd end TVnr 
rrwioeoftw 

Ne®- 

crow* 

Silfde 

Trow- 

oim 

Dothk 

Crew- 

OTtM 

2 etreod 

Uedprocel (1 type) 

2 


f 

S etrand 

Dbxonal (2 tyjiei) 




4 ftmid 

CompIeojmUry (1 type) 




1 
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POLYPIOIDY 

In tho previous chapter wo considered tlio possibihty 
organisms may exist which hove more tlian two haploid sets 
of chromosomes m their somatic complex. In tlicso cases, ca 
chromosome may be represented tluec, four six or more tunA 
It IS said that such an organism is polyploid being respect: y 
tnploid, tetraploid, hexaploid, and so on The polyploids 
constitute a senes in which the numbers of chromosomes ore 
multiples of tho haploid number called cuploids If the niim 
arc not exact multiples, they are called aneuploids These 
hyperploids (cxamp\c 5x -f- 1) or /typop/o/rfs (example 6x ) 

PolTploid* may oriffinat# either by redaplkatkni of the numbw 
»om« m a eoniatK tmue with nipTircenoa of cytokiirtrie, or by fonneti® oi^^^ 
with en unredoced mimber of chromoeomel or with rocr* chirnno**®** 
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Dcrmtl btplaid t tottiW Thu tecood typ* of pdyploidy nuy cngiaat* from thrt* 
causes (a) tTregolarity la tlie Cnt or second melotic £tuiod (l*ck of palrmc* 
Uggmc of ite ctromosomo cm tlie tpmdle, smd » forth) (h) fjmdiplciidy fenniticm 
of (vnetcs snlh • double comber of chromoeamei (c) suppsessto o of the £nt r o fio tic 
dmtimt. 

The g en etic cooseqaenccs of these ttro mcchamsmi ere different. Ic the former 
the only dlffomtc* u ctoantiUtiTe, smce the same gene* ere present es in the ongmal 
fonn, elthoogh m greeter tnonher Hon- e i ei evhen nocredneed gmwtes ceny differ 
rat sets of chrtanoeomei with respect to their ellelcnnorphi, the reetiltmg chremo- 
lonje complex will be quelitetiTely end qnentitetrrtly differ eut. 

There ere two typee of polyplrfds autopolyplotis end flffepofyp/mdt. Anto- 
polyploids here chromosomes of the seme cless etemplet ere aatotetreploids AAAA, 
sntoheieploids AAAAAA, end so on suc t e tm e l y (Fig- 99) AHopolyplofds ongmete 
by the union of ts'O or more sets frenn different spedet. For exemple, e hybrid 
argenhm of which the chromosomes mey b« AA in the diploid, upon reduplicePon 



Fig. 99 Three eotopolyploid tometo plenU. a, Dipicad, with 24 chraaosomes b 
tnploid with 36 end c tetreplosd with 46 chromoeomes. (After Jorgensen, teien from 
Horst by W^ldingteni, 19J9 ) 

wiU f<a-m an elloletriplotd AAAA of interspecific origm (Fig 100) As a rule, 
allopolyplcddj originate by secoodery spltmng of a b>bnd betr^een speoes or be t ween 
genera, Whra a hybrid ellopolyploid has two genomes of each one of the two 
»pecies which gase rise to it, it is ailed ampfaJjpiotd or £Jjpioid (exemple- Primula 
irormfi) 

If the doubbng of tlic chromosomes is produced ^‘cr> pre- 
cociously in tlic first stages of segmentation of tlic rygote, the 
entire individual will bo allopoU'ploid. If it occur* later onl^ 
some parts of its body ^vlll be aUopol}*ploid. Pnmula kcwcnsis 
(2n = 36) 15 a case of on allopolyploid, smcc it originated from 
a cross bcln-ccn P flonbundaXP vcrticillata (2n = 18) Tlic 
fint descendants of this cross have 18 chromosomes, but soon, bj 
^pbcation of one set, a Imc wUi 36 cliromosomes onginalcs 
This case maj be represented thus (9 -f 9) X 2 = 36 AllopoU 
plold organisms are also formed b> the crossing of mdmduals 
''^th dificrent number* of chromosomes, sucli os occurred m the 
"cIl known case of Aico/iona dtgluta (2n = Cx = 72) o 
*ynthcUc fpcacs formed b> N glutinosa (2n = 2v = 24) crossed 
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With N tabacum (2n = 4x = 48) (Clausen and Goodspeed) An 
allohexaploid witli two genomes of glutinosa and four genomfis of 
tabacum was formed The general formula m cases such as the 
example )ust given is (x + 2x) X 2 = 6x. 

In a similar manner allotetraploids may ongmato from a croo 
of a diploid species (with nonreduced gametes) with a Ictrapbid 
spcacs. Some spcacs m nature have bc^ formed in this \vay The 
Argentine sorgliura. Sorghum almum Parodi (2n = 4x = 40) 


Speoo A Sp«des B 




Fjg. 100 The formation of an IntenpodTjc •Uotetnploii 

whidi u an allotetraploid may have ongmated bj a cross be- 
tween Sorghum alepcmc (2n = 4x = 40) svitli a diploid sorgbuni 
(2n = 2x = 20) (Saez and Nuficz, 1943) 

Knosvledgc of tile moiosis of poly^oids is of importao 
m detemunmg the origin of tho mdividuals winch have taken 
part in the formation of species Tluis, study of the ofliniucs an 
differences wlucli are manifested during tlio zygotene pauing 
and tho formation of tlie clnasmata m tlio diplotcnc stage 
fumisli keys to the probable phylogeny of a species, dopen in 
upon whctlier the organism is autopolj-ploid or allopolyploid. ^ 
an outopolyploid species there arc tlueo or more cluonioso 
which come together to form multivalent cliromosomcs, so 
tlie individual may he tnploid, tctraploid, pontaploid, hexap 
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and so on. In the pairing of anv polyploid tuxt chromosome 
filaments (and nettr more than two) arc always paired m a 
particular segment whatever may be the number of homalogues 
and uhatever may be the place of contact during pairing (Fig 
101) However configurations which appear may be cxtreniely 
\'ancd. 

In the case of a raeiosis of an autotetraploid individual with 
forty chromosomes the formation of ten tetravalent cliromosoraes 
IS seldom observed, since the competition between four equal 



rUI 


F~ c- lot Dui^Tim of the metom of • trrptotd (3 ) and ■ tetnploid (4x) Z, 
t}po<«e P pAchjtene D djplotene- Di^ dioiinen* If L The beiuTior 

n mhfect to chance duniif; the rrgotene in the pamnp. dimnp the diplotene m the 
foTOUtion of the chieimeU end during the metephev m the onentJtion of the 
*pnidle. (After Darlmgton, 1937 ) 


cliromosomcs diminishes tlic possibilities for tlic formation of 
chiasmata Such formation depends on tlic length of tlic chromo- 
some and on Uie time for pairing (greater or less rapidity for con 
pigalion m tlic 7^gotcno stage) The long clunmosoracs dela\ 
more llian tlic short ones hence more imit’alcnls are formed m 
the former ca<e llian m tlie latter If cliiasmata are formed, tlie 
chmmosomcs remain united If chiasmata arc not formed, 
nnitalcnt elements are al^^■a^'S found m an erratic position at 
mctapliQso l)cing dislnhutcd inrcgulorU during tlic anaphase to 
one or tlic oilier pole Tlic incomplete painng ^^hlch is seen in 
tlic outopoUqiloids led Darlington to set forth tlio ihcort that the 
^^lation of homologues depends on the formation of cliiosmala 
Hus incomplete o<«ocinlion is tlic reason n\1u Uic «ogrcgation of 
die* homologous cliromo<omes ma^ be \crv irregular during llie 
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anaphase, bringing about the formation of gametes having m- 
completo sets of chromosomes 

The arrangement and orientation of the raultrvalcnts on the 
spmdle IS also very irregular For example, instead of a t e tr ava lent 
bemg formed, one may find one tnvalcnt + one univalenL, one 
bivalent + one bivalent, or one bivalent + two univalents. The 
segregation of a tetravalent m the form of a ring produces the 
separation of t^vo centromeres to one pole and two to the other 
On the other hand, if the tetravalent is m the form of a chain, the 
separation will be 2 + 2, 3 -f- 1, or the four centromeres at the 
same pole. The gametes formed m such cases will not bo func 
Uonal and therefore the individual will bo sterile. Thu u the 
cause of the sterility which is often seen among the autotetraploiHs. 

Among tlio true allotctraploids, the painng is more regular 
than m the autotctraploids and at tunes is as normal as among 
the diploids Thus, an individual with four chromosomes, AAA'A, 
durmg the racioLic divisions, forms pairs of bivalents AA and A A 
which leads to tlie formation of ivoU balanced and fertile gametd 
An allopolyploid, because of its mciotic regularity is more fertile 
than an autopolyploid. This fcrtibty depends also on the sirmlanty 
among the mdividuals, spoacs or genera which come together 
to form the chromosome group of the allopolyploid. 

There arc two types of paumg m the mciosis of the allopoly 
ploids, autosyndens and cdlosyndesis For instance, let us suppose 
wo have a case of on allotctraploid which has two sots of chromo- 
somes from one individual and two sots from another If in 
sot, AAA'A , A and A aro homologucs and A and A' abo 
homologues, and the bivalents arc AA and A' A' veo then have 
autosyndcsis (a homogenetic association) But if on the other 
hand, A is paired vnth A , bivalents of distinct or hetcrogenctK 
origin will be formed In this case wo have allosyndcsis becaus* 
phylogonotically different chromosomes aro unit(^ 


An»ly»ii of meloiU in •llotetrapioid fprae* U djtCcnJt when co# nnut 
brtwero tto origin and tbfl forms of poiriog of th* chronioiooilc Kts irrilco 
coma together to produce them. ^ 

In MniM spede*, partmilarljr m Utoae which bora muH 
blrdents are seen in groups rery cloao together (although withoot to 

bans) in the first as well as In tb* sacood maiotic dirisioti. Tbs teim 
this type of mnon is enociaiion or steondMiy pairing This has much inip^^“ 
in the InTestigatioo of the pocsfbla affinities (homolopes) of the chronK— 
of an allopoljrplosd. 

S«a«Jory potyptoU art organism* in which »oma of the clu'omy^ 
diploid complex hare W radoxdicatod. Thus in the apple, 
tomes which b the typical mnnher (x = T) ooe finds indWuali whh 17 
•omas (2i + S) In thb case the haploid »et of 7 chimoosomes (1^ A 
G) b nfpreaanted in the proportions AAA, BBD, CCC, DD 55* ,^^ZxodMir 
hare ongmated through an unequal redupbcatloii. It b possible boat 
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tjKjcutknu tre a consaqiwnce ot tecondarj poljplcidy la general, in the 
autopolyploid*, tegreg a tion and the formation of the gamete* occur in an irregular 
toanner 

Haplotdt 

Some exceptional plants and *nim«l« hare a monoploid set of chramofomes. 
The tndrriduals era and generaUr Werfle. Thet hare xery iit eg u lar mejoau 

became of the absence of homologous chnsnosomes nhich could pair together 
In these indiTidoals there are only imhalents nhsch gne ris* to gamete* with a 
rarying nnmber of chro(no*on>e*. In a haploid of maize, one may fmd a garoett vnth 
ten chromoaomes, one for each 1024 dmsiODS. The haploids hare, nererlheleti, 
considerable usefulness for obtaining homozygotic types m the erent of fortimate 
aotofecundatian. 

Polysomy 

Mhen one or more of the chromosome* are reduplicated and are found represented 
three or more time* the organism i* said to he pofysomic. This i* a special kmd 
of aaeoploidy cmine to a faulty aeparatian of chronioscmes in the msaotic process 
One of the chrommomet, together with its homologue, passes to the same pole and, 
after the cotnpletktn of dmsion It, proceeds to form a part of the same gamete 
Such a phencanenon is des gnated as nondufunction. Su^ a gamete, upon union 
whh any normal gamete aiQl gire nse to an mdiridoal called fruomfe (2x + 1) 
m which, during meiosis, the three chitanosomcs are )omed together lo form a 
triraleot element. 

Amoag the trisoede ergantsms are some race* of Drosophila Bat the xnor* 
coetmon example* are amocig the plants coch as in the maize, Crepii, Matthiola, 
Sdemnu, and especially in Datura (Blaleslee, Belling and colleboraton) In 
the last plant the presence or ebsence of a dermite somatic characteristic u seen as 
a fonctiee of the p r esaace or absence of a definite chromosome. Tbe ezper u nents 
of BUhetlee on Datura der u oostrate the inDuence of genie equDibnixm cn the 
erpmnon of the charactenstics of an indindual and lend stroeg su p port to the 
concept of e»ch chromosome functkmlng as a morphogenetx factor 

Tber* also are doable trUomics (2i + 1 + 1) and double tetrasomks (2x + 2) 
at Well as secondary and tertiary pentasomka. whicfa are formed by the tramlocatiaD 
of ebronwsomes of the same cl#« Genetically a Injomic, by haring triplicated a 
particular chromosotue, sbems a pro g e o > m the proportian of 35 : 1 (Instead of 3 1) 

Those indiridoals which hare ui therr cells 2t — I chroroosonort are call^ 
'nononvnfcr This conditun occurs rvhen an irregular gamete (x — 1) yjint with 
a normal gamete, producing a zygote ('’t — 1) In general, monosomic IndinduaU 
are nerther ricorous nor serr fei^e, but this it not a1*M>s the c le In meiosis, 
the tohtarr chromotome has no partner and rt m an erratic position cn the 
B^rtaphanc plate McQintock found that in maize these chromosomes often pair 
wrthin themsel et br cumng and if by chance a ch atma li formed, the retult 
H an In mion In Nicot ana. Datura, and so forth, and amang arumals, there are 
casM of the moncnomic condition From the genetic point of tirw monosenme 
wgatuim arc interest ng because ther h te genet w thout mates (lacking a 
t^rtilogu ) This fact allots* on to follow the diitribui on of the reces i e genes 
Seated m the nnpa red element and to determ ne the saluet of I nkage and of 
trtnung os er in the progeny 

T/ir scaraty of pohploids amon^ amwals is due to the lu 
whirh clmmctcnyc^ the ntQjont\ of animnl species 
^ns implies a special mcchnnFim m winch sox is determined b\ 
the seprepolion of n pair of differentiated «:cx clinimovmics \ and 
* or of an unpaired \ chromo<omr 
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The fact that one of the two soxcs has two different types of 
gametes, X and Y or X and O (0 signifies the absence of the 
other sex chromosome) creates a difljciilty which may lead to 
sterility or to tlic production of sexual anomalies As wdl be seen 
later in this cliapter normal sexuahty depends on the genic 
eqiubbniim existmg between the sox cliromosomcs and the com- 
mon or somatic chromosomes {autosomes) If this eqmhbnum u 
broken, sex aberrations occur, and individuals of this t3rpc can- 
not carry out roproductiom If polyploidy occurs, the mechanism 
IS distmbed and the race or species may disappear because of 
stcnlity In the case of hcrmapliroditic or parthcnogenotic animali 
like Artemia salina and Trtchomscus prouisonus (Crustacea), 
polyploid individuals arc frequently encountered Tlie partbeno 
genetic races of these species cannot cross, smee they are polyploid, 
while the diploid races reproduce sexually m a normal way In 
Arteraia the sexual race has 42 chromosomes and tlie partbeno- 
genetic races 84 and 168 (tctraploxd and octoploid) In Tnch 
omsau the mdividuals of the diploid races are bisexual with 16 
and the tnploid arc parthenogcnclic with 24 chroroosomes 
Among the msccts (Lopidoptcra and Coleoptera) polyploidy lie 
wise IS found related to parthenogenesis T^o butterfly Solcnobis 
presents forms with 62 (diploid) and 124 (tctraploid) cliromo' 
somes, tlio latter being parthenogcnetic (Scilcr) Tlio occurrence 
of polyploid mdividuals is very limited but the presence of cells 
with their chromosome complexes n>duplicatcd is frequently ob- 
served among anmials They are often seen in spcnnatocytet 
brought about by faults m the spcrrootogomal divisions. Thu 
phenomenon is useful to a biologist smcc it permits one to foUow 
more easily the behavior of the chromosomos 


Experimental Production of Polyploids 

At presoit h ii poecble to induce the rednpl c*tIon of the chronio*^^ 

•n aroanism by the u*e of fubttmnce* mch as colclucme, i ^ 

ounn and Teratnoe, and also by subJeetJan to beet or cold The inrthod 
freqoenUy emplo 3 ed is the alUlad, colducme. i%bich u used m 05 to 2 
solirtidiis, seeds be:n« immersed in U at the begmmng of (ennmat^ 
of colducme into the joung plant haie b ee n attempted with 6™® Perak 

substance acts efT t d ePtly m prodnemg the devolopinent of a polyploid pU^ ^ 
(1&43) obtamed tetrapIoHl plants of «nd of TrUicum iunan — Anl m 

mque Tetraploids also haie been produced in Svphum rudanens* 

Petmua (Perak) Gallnrdm pulchtia (Scfanack) and m the ta}he»n 

The acticm of the chemical sabstance* u exerted by mhibitioo of • 
of the ipmdla, caice the chromatids bare separated, and. In t^ way Q 
IS not completed When tome time has passed, the cells regain their nonnw 
begmnmg again thsir accustomed rhythm, but with a dcmhle mnnbff ^ 

somei. The posnhil ties offered by the experimental prodnctioi (rf poljp«*»- 
from the standpoint of soenbfic and applied work, are famonwrabla 
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THE alteration OF THE CHROMOSOMES AND THE 
MECHANISM OF THBR REORGANIZATION 

The harmony of tlie genetic system is e%ndenccd by tlic 
constancy of the arrangement of the liercditar} material earned 
m tlic diromosoracs Ncn cartliclcss, changes may occur m tlic 
cliromosomes, brought about by accidents uhicli disturb tlicir 
rcgulant} and produce disarrangements in tlic structure of tlieir 
parts 

AlOiough such cliangcs are sometimes found m nature, most 
of tlie knowledge of tlicsc cliangcs has been possible duo to tlie 
emplojTncnt of experimental melliods which increase tlieir fre 
qucncy In organisms subjected to the action of \ raj's, 7 rays 
ultranolct rajs, to the influence of chemical substances, or to 
rapid cliangcs in Icmpcmturc or m centrifugal force, tlie fre- 
quenej of llio alterations is mercased, tlms prondmg a valuable 
means for tlic anah'sis of tlie genetic and structural organization 
of tlic cliroraosomo m relation to tlic meclianism of mutation and 
tlic evolution of lumg organisms 

The cliangcs m the diromosomcs can be summarized m tlie 
following classification 

1 Genic mutations (mtragcnic) 

2 Numerical alterations of tlic diromosomcs 

a Diminution or increase of tlic number of complexes 
haploid) or pol) ploidy 

b Increase or diminution of one or more diromosomcs of a 
complex poly somy 

3 Structural alterations m llic segments of tlic diromosomcs 
a Introdiromosomic rcorrangcmcnls (intcrgomc) m 

t crsjoris 

b Intcrcbromosomic rcorrangcmcnls translocations 
c. Loss or increase of diromcKomic segments dcficicnacs 
and duplications 

^\c sliall consider here tlic proccsMis compnsctl under tlic 
llnrd point Tlio dclicac\ of tlic dironionomn in certain stages of 
die mtcrpba<c and propliasc facilitates Uic production of ^a^ous 
altcratinns, since in manj instances the filanicnts come m con 
Tins makes po«;sil)lc Uic breaking and rejoining of tlic 
niamcnts, gwing ri'm to o different orgnniration of llic parts In 
pencroL, tlie naino structural hybrids is a^signctl to organisms 
winch j>ro<cnt such cliangcs 

^Micn a dironio<onic 15 fractures!, the pieces mQ\ fn^ m tlic 
^'>me fonn m whidi tlicj were onginalls or recombine in a 
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different manner In the latter case, the new arrangement be- 
comes Visible When the rupture is m the same chromosome, it 
IS called Jwmosomal and when it occurs m different chromosoma, 
heterosomoL If the fracture is located m the same arm of the 
chromosome, the rearrangement is paracentric^ whcreai if it ocenn 
m different arms, on both sides of centromere, it is pencentnc 
In order to vmderstand the mechanism of the reorgamiaticn 
of the segments of the diromosome, we must first refer to the 
theories which have been proposed to cxplam them- In true 
crossmg over the segments are transposed by a breakage followed 
by a refusion of the chromatids, but witliout changes m the 
arrangement of the genes However, if the segments which are 
transferred are of different size, it is said an illegitimats crossing 
over has occurred According to Belling structural changes have 
originated from such abnormal crossmg over This phenomenon 
maj be mterpreted accordmg to the theory proposed by Stadicr 
of previous fracture and later con/nc/,” that is, the independent 
fracture of t^vo chromosomes with their later umoru The fracture 
probably is produced by tlie destruction of one or more genes or 
of the intergemc connections Experiments with x rayi tend to 
confirm this interpretation. 


TrMiIocobOT it tnmtpantion of two toguMiiti b et n oen nodtonjoJoswi* 
tome*. In gtmenl, tnmlacauoni are produced by rupture of two nonbotuotoff^ 
mn o otnei fcdlorred by ■ trantference and foxicD of the r«iproeal j, 

reaton, it u called rtap r oeal trarulocaiion or brUrchtme* 

may be trro cbromocacnet, aacb one with a ceuti om ere (Flf. 102, c) or an 
eoma widi two ceutnmteret (dicmtHc) in additioo to one ttgraeoX (* InsnieB^ 
without a centro m ere (ocmfrfc) (Fig. 102, </) In thu latt cate thete chronwtonjet 
loat in the fint cell dirisant berate of mechamcal irregulantiei. 

The rupture may occur In any tectioo along the length of the 
elemertt of Tarying length retultmg (Fig. 102, b) TramlocatkB m«T ” 
rygotie or heteroxygotic In the latter com. the indi^nal hat two complete dir«» 



Fig 102. Proceti by i^hich a tranilocaticin between 
tome* occur*. The two pomble retults are ihown at c and d. to * *^har 
which origmatet co pairmf tha reorganixed chrtunotooio with the 
bomologue during the pachytene ctage It thown. 
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toTon with the gen« rrantTil i before, and two tramlocated chromowme* ttIucIi 
haie a different arrangement of their gene* The mdmdual u called a iransiocation 
hrtrrv^ ffote In a tranilocadon heteren gote, of the formula 

AR CD EFGHIJK. 

\B FE DCCnUk 

the chrotTMMomei at the time of pairiug constitnle a birmleiit in the form of a en»» 
(Fig. IOj., r) which, at the end of this ctaga (hj repuUion of the chromatids) ei>eu 
and forms an aimalar ele m e nt The segregatun of the four chromoscanes gires 
fix classes of gametes 

An m teresting result ocenrt when the translocadcm is T er > ‘ close to the ce nt r om ere 
and thera originates a V-ahaped chremoaome with two arms m tha form of V 
and a small fragment which tends to be eliminated becaose ft u practicallj mactire, 
rmi thou^ it has a ceutiuiuere (Fig. 103, A) Fusion of tbta type is called 




Fig. 103. A the origm of a oew chranoaoisa in the form of a ^ by fnnoa of 
two nonhomologous chromosemes after reoprocal translocatloat the p ece bd it 
B formation of an ammlar chrmnotome in Drosophila den ed from two 
^ chnxnosomes fused to foon a \ t tha fragments 1 and 3 are lost 

fcwnc fuaon In this war a new chratnosome Is cosistilaled and, at the same tune 
, *c* natlc mitnher of the spedes Is decreased In manT an mal and plant groups a 
fOTOToosomic TTrulation s etms to hare been produced m this war by d raimshmg 
ln« number of chr om o s omes and giriog nse to a new type of chromosome and thus 
to a new race or tpeoet. 

In this manner there were formed hi two spedes of the genus Aleuas, two 
chromosomet (metacentnc) which reduced the diploid number from 23 to 19 
^ spedes A ixttimlls and A Zinrafux ha e been ma nUmed in nature 

*tth Uut alteration, perhaps for a long time. In the 1 tl species tramlocation 
furred betwem two nonhomologous chromosomn, at may be seen b> th difference 
etl/b i!™* ' (S ei. 1931 1935) There u a culu ted race of Drosophil 

\ If^ ^ chnMDosotnei ioioed together by a centromere thus coastitutmg 
. fracture is produced between idle arms of th \ m two regwi m of this 

(”fused X**) n nnular chromosome ( dosed \") it formed (F g- 105, 



236 


OtNERAL CTTOLOCT 

tf fiffffiiM 

1 OPifllKtKtMilii 

iSrr; sS'SS^tr"-''^- ■-' 

In ^ upper roir the Kctaal eomt^uton ^ chnanwi 

ji ihimi In the Wr nw ^ chroworoe comjjex of ih* frm 

w«t a. JH, .dtm^L "" 

•'f™‘ • clinm«ojn» nioi ta 

effected a rotation of tSO .i r n ftect^ea fowd a thu roacraed poctiai, harinf 

<» pee. 1« ccamST;^ 

•"^eleta, becatiao of tho pSSar 1^ to Ito m an farorted manner alto 
TVlai an Ptop<«T of ae teloioaroa 

indirfdual ie deafenated m of a pair of bomolefota 

io nonnal ehromooono nmat ^ '•*' “ oeftopto 

rorted bomoloaonj d u-.n.-.. “* '^er to adapt lUelf to tfia m- 

“e*™ chromoMma (F^o (05 a) If a, erooin* h earned qot 


4 

9 


■ deridency HI Ultra te the productitm of an fairenJon aX A and tf 

CMC* (a and d mDectnelTt*^**!^ P«rm» m the p^hytoia etiffe in tb« W 
At a the nd>TTT^| hiTTTwitiT_. 5-4 of ^ u Jcut donof cdl iTtrioo- 

the inrerted r vT-T chnHDQgame must form a cunre donne h* pairfo* 

duTitMOTn^ fdotted ^*^'**®**^ ^*y cootuiuoui luie At the ucrmsj 

cfu TUTw^^f tm ^ ' ^ adapCmf ftself for pairui^ mth the alferto 

tmpcrtant *'**' J*®™>Iogwu chramoaomes, an nuamon m*T ocwfco 

the fererted aeitn^S^. ^ interchauft p r od nc es a cb ias ra a ntthm 

be t ne eu the chmm»>.j-^ Under these cirannstauces after the mterchan*® 

catled a thcantnc them results at the anapiiHse ’ehat P 

to bridge Thu bridge caunsti of one chromatid iMth tuo 

fractoST^emb S'STv'’ ^ (1M5) using xrajs, ban foraJ that ^ 

t*nmnal mrmiom m '**** ^ 
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centromere*. The bndpe m dr« m out nntU il rapture* e.h«i the chromoKjme* 
»ep«nte torranl the pole* A.t thu Mine tUM. an acenirtc chroinci«on>e (without 
a centromere) form*, which u a fracment reniltiog Irom the rupture (Fig 106, B) 
yh* T*** which we haie described u frequently leen and is a cjtoloptfal index of 
comiderahle importance m localizing an alteration of thi* t lie 

Prior to the disco\erj of ibit cjtological mdex, in ersiom were idenUEed 
genetically m Drosophila hr pitning the abtence of ciossuig orer TVhen, in the course 
of fuch gmetical anjalisis, an unexpected dimmutum of the frequency of recombma 
two* wa* noted, an unknown factor caUed “the «ippre**or of crotnng orer” wa* 
postulated. At the present tune it i* known that thI* phenomenon is due to the 
CTtomg orer in an unerted segment. 



F g 106. Diagram to show the occurrence at A of a normal croat ng cner 
betaeen two cbromalub and the result of thi* at the time of the anaphase t B 
the crossing orer between two chromatidk, one normal and the other unerted 
^ 3 1) The remit of thu cromng mer i* seen in the anaphase with the 
produetK*! of a fragment (3 4 2 4) without a cenlrorocre and an anaphasic (dieenlnc) 
bndga (12 3 1) with two centromere* The frajrment u lent 


Iniersron* are called paracentric if the centr o mere u s mated m the arm of 
the chnnnosome They are melacenlrvc if the centromere u withm the looiv "IMien 
• chiasma take* place withm a paracentric imemon. the result will be two 
tnronutxli, one acentric and the other dicentric (F g 106, B) 

If two complcrnentary chiasmala are formed at the limit* of one in enion, two 


•^Inc and two dKentnc chromateds w U be formed. The last two form a double 
t^Tuge t the anaphase ^Mien chiasnuta are reciprocal, the in en on produces 
thnamabd* withwit mod rtcarKm* ^\^le^e the two chia mata are diat^onal mside the 
in mion, aaphasn: chromatids iimilar to thswe ihosvn in Figure 106 B re fonned 
Loop chromatids ma be fomied t the Trst anaphase if on of the cluasmata 
between the cmlromere and th n erteJ segment and the oth r miide 
imersKei These loop chromatidf !ia e both end attached to the two hal rs of one 
tertrom re In th i case t ih •ectmrl naphsse a d rentne bridge forms (F g 10 ) 
^ In mKw plt% an act e rol in th e^d tion of the sprcirs, r>ce thes chsnge 
•rr ngrmeiit of the genes in the chromouime producing tructural muT Urns 
It IS pcHuble to Jetermin numerou in en on n hsbnd spec e< 
«n p e clnrs to th u- phslogmetic ongm At th » me t me thes plar n ira 
t rol m the mecl n m of iso jt on nvmc spec es, whKh cons t ot 
1 t IT gemeni n-l cl nget n th numi'er an! rrl t s of tL 
‘ mrv^jnoes 


^ ^ 'sguficn rell nntpton came<l <wit b D * rh k an 1 
t lulor ton «i the polytemc chromotomes of rsous *rw>c es of Drotophila. 
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m diEcrtnt ceocnplucal localitm. dutmct ncul (loups b«Md on ch a nc ta of tbc 
dmcKKOcn* TTT. Tbo fpoclea of Drosoplul* differ among tbemulm according to 
lie different anangement of their genes exhich hare resulted from mccesnre re- 
airangementi of the ch romo somes during the coarse of their phylogenj* (Fig. 103) 
Aamg plants, inremons frequertlr occur and, as a result of the pamng of 
ttiucturally nnlitw chromosomei, gametes with new types of chromosomes may arise. 
An mt c 'es lin g phenomenon appears in the progeny of the croas of 1 laa sotira with 
I empfacarpg, where the new c luom o a omea sur lethal if homorj gous, hut are 
naUe if they ax* m a heterozygoos conditian (STcshnUmra, 1936) 

OtpTlcoHoat and d Iderxle* usnally onginate as a consequence of a reaprocel 
translocatuo which increases or diminlihcs the leigth of the chromosome and the 
mnnhcr of genes (Fig. 105 B) 'When a chromosome breaks into three parts and 
kites the middle segment, a dWetion or Iom has occurred. When the segment exceeds 
a ccTtam length, the effect is lethal In Drosophila many deletuns ar* known, such 
es jeHow bo dy Ttd **nolched," which is a rnntatKai of the wings. This latter ii 
roond m chrtanosoin* I (Y) and u prodoced by the loss of a segme n t of 1.5 
units it is lethal in tha males and, when homoxrgous, also in tha females. Thus 
the Qies which contmuc Imng with ikw deffciency are heterozygoos. 

Rfpm u the term applied when a chrosnoaoma alteration u due to the re- 
peated duplicatien of a nnall segment of a chimnosoroe prodocmg. for example 
abcdabcdabcd. Thu u produced by crossing orer between unlike segments. It occurs 
m Bar the narrow e) es m Drotcphlla. a nmtabon formed bv rtpeunon of one rone 
of chromotODM I which, when repeated agam, gins rue to the ranety “Ultrabar” or 
Double bar" 


PoiIHon E#!t<t 

Ib general, ic re f stota and tranilecabOBs do not disturb the dertlopment of the 
mdindnals. H o we v er sometimes phenotypic changes ocozr Such changes art 
to the poution effect. Translocated genes sometimes show changed effects, 
rerfaeps due to the infloence of ediacecft genes. Thu brings about a modiikation 
m the derelepiiieTit of the indmdoaL If the gene is retorned agam to its ordinary 
iBcstwo, normality 1$ re estebbihed. 


SEX DETERMINATION 

Since the beginning of Mendelisra, it has been thought that 
ihe ongin and dctcmunation of sex tvas inliniatel} related to 
tterediij Tlic coTTunonly obserred fact that individuals of male 
and female sc\ are found m nature in more or less equal 
proportions tvas tlic point of departure for tlic genetic stud} of 
^ determination Cytolog} and genetics have given tlic kc\ to 
we mechanism ^^hlch gotems tins process Genetic investigation 
nemonstmted that moloncss or fcmaloness is gcncmll} transmitted 
imm one generation to tlic next in tlic same intiv ns nn\ oUicr 
hcreditar} cljaraclcnstic. One of tlic indindunls bchai cs ns tliough 
neterD7}gou5 in relation to a genetic factor determining sex. Tins 
uiduidual (since it is a Inhnd m tins respect) forms t\\o clashes 
o gametes uliilc llie otlicr (homoz}poiis) produces a single class 
° K^metes Therefore onU t>xo U*pes of fertilization arc possible 
f^mting in 50 per cent males and 50 per cent females 

^‘^ns (1007) \sorkmg \Mth a plant ( /Jrvonia) ss as the first 
9 cmonstralc that sev mas be determined according to tlic laus 
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of Mendelian segregation The mole of this plant is heteroiyima 
for son: (since it has two classes of pollen grams) and the fe^ 
IS a homozjgous recessive. This case behaves as if one wot 
dealmg with a cross of a hybrid with a double recessiva 

bdlTidosli (d') Mf IT («) 



lodlridiula (^) Mf ff 

If fcrnmiruty and masculmity ore genobe characten^ there 
be eoxual genes m the chromosomes and therefore quabtatire 
and quantitative differences between the sexes The charactenstKS 
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of tlie chromosomes umallj furnish the basis for tlie dcterramation 
of sex, ^>hich takes place at the time of fcrtihzatiom 

In tlie majority of diploid bisexual organisms tlierc is a pair 
of chromosomes wluch, m the course of evolution, lias been 
jpeoahied for sex determination In one of the sexes tlicre exists 
a pair of sex chromosomes (also called tlie \ cliromosoraes, 
heterochromosomes, and so on) and in the opposite sex a single \ 
chromosome, which is unpaired or paired wath a \ chromo- 
some (Figs, 109 and 110 B) Thus one sex is homogametic (XX) 




xxr9 


m<S mpn)9 




XXXj./»^ 9 50X 9 J(?"xr9 

Fi* 110 The chromotomes ol Drotopfaia m£tattopailrr A B Dorm*l female and 
different tjrpo of •IteraUom. C D amsuli 
Vt r 2n \ reipectiiel> K L, indinduah -nilh 2X futed aj a \ and nilh 

iTfpect ely for the other catet. •«« the text. (After DariuiRtoa, 1937 ) 


and Uic otlior sc\ lictcrogamctic [(XY) or (\0)] In manj 
organisms tlic male is hcterogomctic and llio femnlc liomo 
pamclic, producing rcspcclnclj two classes of spcmiato/oa or 
®^d one class of o\'a But in Uio insects of llic orders Tn 
choptcra and Lcpidoplcra, certain fishes, a urodclc amphibian 
(BToloil) certain rcpulcs, and birds tlie female is licterognmctic 
ond the mole Jiomogamclic. In sucli organisms flic females form 
"0 cloima of gamolos and the males a single one 

jj t»**tOTy of the dj»«r\er\ of the *ex chrofTKHome^ poet b cl to the tima of 
tl i r-^. ^ Doted the pmenc of “a peculiar chrom Uc element" in 

r-f'i^ioprnet t of Pf rhocvis Tb * element be confiued »itb a tUKleolut 
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MrClimg (1891) identified this element, giving to it the xuiite ol eccanty 
dumnotome." (Fig. 109 i 2 and J) We ovre to tlm tame inreftiffttr tli« oriymJ 
Idee of attrilmting to the accetaory chnnnotome the fimctlan of mx dettnmaitia 
(1901 1902) '\Tilaai and Stereiu, in a aenes of important mrcfticxtkBt, tspocmj 
the hypothe^ of McQimg, eetahliabiDg for all animalt the chromoaonie 
of acx delenninatiaD. In 1923 aax chromoeomee of the tjpe X Y and X X vnrv ah* 
found in planta. 

The human is charactenzcd by the diploid munbcr of 48 and 
the sexual typo X Y (Pamter 1921, 1923) In man the X chromo- 
somes are larger than the Y chromosomes (Figs 83 1% and 109 
7 ) , this IS also true m the majority of organisms (Fig 109 4, 7) 

The sox chromosome mechanism sliould result m equal 
proportions of the two sexes 


ladiridoala 

gaoteUe 

Indl^oaLi 



\ 
. v/' 

W% d 


Meiosis 18 normal in the XX pair but in the chromMomas 
XY tlicrc IS, at times, a small region with homologous gen& 
Pairing and crossing over is limited to this region (see below) 
The sex chromosome is composed of t\vo regions the pcinn; 
segment and the differential segment The homologous 
corresponds to the pairing segment and the differential regioo 
is that which mfluenccs sex determination (Fig 109, S) 


The movt pwimhiTe mechanism for »ei determinaboa Inrolrei th* 

From thij there a\dred gradoallr the XO nio chramoeoma Y ww ilowir * 1*^ ^^* ^ 
(knrn to the point of duappearmoce, amco thu element b almoit enturif 
ha* only a few actire gene* Later wo ihall lee that thb chroma®** 
parUapeta actirdy in sex detarmmatlac. The mar® pmaWre the X ^ 

Koaa are, the jmaller the djfferdtlal I'eglcai Tid the longer the bomolofw* 

The oppocte ts found m higher organiim*. . Atm* 

Ainaig fkbes the XY condiUon b found initially and there b • 


of mutahdity a* a rcwult of frequent croeamg <wer between tbe Ow 
The prow* of mTolution of the Y cfannDa*ome (ttauldered a* an X m 
b concomitant with the frequency of mutatiou Tho* C*h«» them the 
ch rom oeotnic mcchenitm of mx dolermmalloa- Aa the pairing «jyi 

in fxtt, the poanbihty of crowing orer becozDes lew end Cnallydwp^^ 
facflhatr* the flimmatiop of the Y chromoeome from the chnnuo*®" c3«P***' 
out grare cooiequence* for the epeae* Thb ha* occurred in the 

Henjiptere, Kune Diptera and m the nematode* In bermaF^rP° i^ chroo*" 
b an equHihrium be t w e e n the genet of the male and female ca>dit* 0 P^ ^ 

anmei do not exwt or if they do, are not difTorentlated cytolop^Uy 


ihow early ftep* □ the erolutum of tho mechamam of the *« 


eppeer to bare onginated from a pair of ordinary chrcimoeazoo^*^^^^ 
Uter became fpeoalned for the function of aer detenmnatkei \ 

Seet, 193r) 


wWd. 
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The Equilibrium of the Genes and Sex Determination 

A senes of erpemnents by Bndges (1913 1914 1916) 
demonstrated that m Drosophila sex clirotnosomcs arc not al\vays 
segregated regularly since for each 2500 mcioses there is an ovum 
which contains XX instead of an X. This nonditjuncUon of the 
\ chromosome produces ova \nth two of these elements (XX) 
which, upon fertilization by spermatozoa (Y) give nse to ex 
ccptional females (XXY) (Fig 110 E) Such a female (white 
ejes, recessive), crossed vnth a normal male (red e^cs) giics the 
following progeny 
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This classical cross was, at tlic time, one of tlic strongest proofs 
m favor of the chromosome theory of heredity m that it gave 
cadence that genes linked to sex (different from the sex genes) 
occur in $cx chromosomes 

This experiment also shows that if an ovum having two \ 
<diromosonics is fcrtilucd by a spermatozoon carrynng a "V 
^diromosomc tlic result is a female instead of a male (Case 6 in 
|hc tabic) If an osnim lacking Uio X cliromosomc is fertilized 
oy a spermatozoon canynng the \ cliromosomc a stcnic male 
(with nonmoulo spermatozoa) is fonned 

If we designate Uic set of aiilosomos by A, a female of 
will lla^c llie formula XXAA, and the male XV AA, 
"ilh ilicir respccti\e gametes (XA) (XA) and (\A) ("VA) But, 
since the "V cliromosomc is inoctisc, the "V may be omitted and the 
^lo considered XAA If one supposes the factors of fcmalcncss 
(*■) to be lodged in tlic \ cliromosomcs since tlio "V is inert tlic 
of malcncss (M) would be located in the oiitn'iomes This 
to the concept tlinl sex depends upon \"inous genes which 
^ust occur distributed among tlic auto^omes and tlic <c\ cliromo- 
Tims It appears Uiat this is a cav? of pente cquilibnum 
cli determines the sox of on indwndual 
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X(F)X(F)A(M)ACM) femJ# X(F)A(M)A(M) Mtl* 

FFMM FMM 

whence FF > MM > F 

Sex secrns to depend on tho quantitative relation botiveen the 
number of X cliromosomes and that of the autosomes, or between 
the factors F and M (Goldschmidt 1915) 

The Disturbance of Genic Equilibrium and the Origin of Sexual 
Aberrations 

The problem of sex determination is further compheated by 
the fuJdmg of mdividuals with an mtcrracdiate sexuahty and of 
supersexed and hyrpcrscxcd individuals In Drosophila, a tnploid 
female crossed with a normal male gives nsc to four classes of 
ova, which, when fertilized by the two classes of spermatoioa 
from a normal male, produce the followmg progeny (Bndges 
1922, 1925, 1932) 
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In a normal female the relation X/A is 1 0 because ea 
X IS eqmvalent to a set of autosomes A, whether the ^ 

tnploid or tetraploid In the male, tho relation is X/2A or 
0 5 In the mtcrscxual female the relation is 2X/3A, that H / 
= 0 67 which is a relation mtcrmcdiate between tho 
male and female Therefore, sexuality is conditioned not by 
absolute number of the X chromosomes, but by the ratio between 


the number of X chromosomes and tliat of tho autosomc^ 

If the proportion of X chromosomes rises so that 
1^ the mdividual IS a super female But if the number of X 
mosomes is less than half that of the autosomes (X/ J these 
mdividuals are super males In spite of tlio fact t^t 
organisms arc supersexed, they arc incapable of 
just as IS tho case with the intcrscxcs There is, then, a parti 


grade of sexuality which permits reproduction- t^Hual 

Tho concept of geme equilibrium explains why an m 
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2X2A 15 a female. This in because tlie fcmmizmg tendency of the 
\ chromatm is more powerful tlian Uic masculinizing tendcnc} 
of one set of autosomes The genes F are stronger tlian tlic genes 
M Bndges mtroduced tlie notion of tlio sexual index represent 
mg the female tendency X by 1 00 and tlie masculme A by a some- 
what smaller number, 80 

Later studies by Dobzhanskj and Bndges on tlie development 
of tlic mtersexes showed that tJicro is a turning point whicli in 
chnes the mdividual toward one or tlie other se.v For example, 
the mtersexes begm their development as males and later turn 
toward the fenmune side The characters wlucli arc determined 
before the turnmg point are masculine and tliosc which are deter 
rnmed afterwards arc feminine- The final result or grade of 
mtersexuahty depends on tlie time and tlie state of development 
when the change is produced- 

Monogtnk or Plurigenic Nature of the Sex Foctort 

In order to knorr whether the {«ctor of fenulocM F it localized et ■ fixed pomt 
the X chrocnotozne or k the result of tb« octum of Tmnous genet P, F, F, localized 
at different poentt oa the dtromotonte, Dohxha.mVy and Schultz (1931-19M) 
tahig treeiages produced by x njt, mtroduced fra^mentt of \ chrtni»*«ne into 
&a totmex 2X3A (the facton of which are FFMMM) lliey dementtrated that 
the longer the fragment mtrodoced, the greater it the fesmtumg mHuesKe on the 
haereeiet Therefore, probably tut a on^ gene but teveral goiet era actmg. and 
Iheie are fotmd distributed along the length of the chromotome, ^ylth regard to 
the aototomet, chromoKimei U a^ fTI teem to b« determlnen of the maiculiBe tez 
and ckronKWomt 1\ teemi to hare little infhiexttc. Stx in DrotophUa it probably 
deterrmned by the eqoilibnum between two t>ttemf of polygenes m the \ and in 
the large iDtotamei OVhite, 1945) 

Dklurbonce of Genic Equilibrium without Motflflcotlon In the Number 
of Qiromoiomet 

Uring the butterfly Lymaniria dupar Goldschmidt (1911 to 1931) crowed races 
•d different sexual potentulitirs (the tifak European race with the urong Jtpanetr 
ace) and obtained a progeny with mteneied lodinduals of >anoQj degrees Thit 
•ytbor mtrodoced into the literature the term intertex" (1915) and alto the notion 
the turning point, or pomt of transtbon An mtersex it an indnidual which ma) be 
‘^^'‘^Tibed m the tense of Golckchmidt as a sexual mosaic in time Th s means that dur 
Its deielopiDent rt changes from one sex to the other Goldjchmidl also set forth the 
Iheorj ot ilje quanlitatne reUuon of the genes The llerabon of normal sciualitT 
j ” J^rded as the rtnult of a gemc diseqmlibnum between F and M whKh act with 
Querent quantiut e power m sikH a was that the more powerful n the on which 
^mninrt the fnal rerult In L}mantna, se it delermin^ bj the qu nbtatne re- 
utmn between F and M without alleratson m th number of chromosomes This is 
*** oi djpioti irtierseiualtl) m contrast t th f ip/wd Ispe f Drosofh U 

Delermlnollon by Iho Y Chromosomes 
At present thera are oob two c set of th« phenomenon known In the plant 
^It'wlriuin the female indi idoals re W and the male \k ^^#rTn\.e has ihown 
can be determined hr the interactHin of th chrmnosoTnes \ ai>d k In 
Hamphrer (19t ) oit ineJ females k'k in th a olotl, the se depending 
*ha presence or abaence of the k chrmnosoene 
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Sex Determ7natIon In Parfhenogenetlc or Haploid Organisms 

Aacmg tl>e Hjmenoptera (beet, wasps and ants) there are produced tupVad 
maJca and diplcdd females, denred retpectirely by partbenofenetk and ferblnirtiCB. 
Sex is determined by a tenet of zmiltiple alJeleS, the genes X. and to aa 

Eser> beteroy y go O c indirldual, therefore, (Xj X,; X^ X,; Xp^t etc) a a fentle 
*\er7 honuxxotic mdirsdnal (X, Xji 3^ 3^ 3C3 X^ X^; etc) h a dipUd 

mala, and the hemhEygotic m^ndnals 5^ 5^ etc) are hapl^ rraUt la 

Hahrohracop, Whiting has obtained ten classea 01 diploid m^ea, ten of hiploul nul« 
and forty fire of females. In Brazil, Dreyfus (1&++) inrastigated a mJCTthy 
menopteron. Ttlfnormu fariai tbmriof It to be a case rirnflar to that of Hthnhracai. 

Irrverslon of Sex 

Although tha is a aubfect whkh passes tomawhat beyteid the dom a in of cyto 
genetics, we «b«11 uj amnirtbtng aboot the more interesting examples. In the cats af 
the fish T,.ehntes, Wing* has succeeded in experimentally ch a ngm i fflie aei Into tb^ 
other by trassformiiig the X chromoaomes brta aatosomes and the autoaomei mto X 
and Y dntimosamet. Due to the easy crossing orer between X and Y and to the to 
fhat the autonimes are hetarozygotic for both aez genes, he was able to au- mim l st t 
-n a female (30Q a large number of antosennk masculine gtno, in meh a 
that a mala dereloped, eren though it had tha female chromoaomo for nmlc u 
maize there exists a case of sex determination by a sm^a pair of 
erpenmentally from a hermaphrodite in a diedooi state The fishes PUiypoto^ 
vtd Xiphopfiorut hare a aex determinatioo so uncertam that h ^ 
that extenial fectars of an embrycerdc or postnatal cmrmiDmtal type 
or epigenetic) may mfiaesce it The same sort of t hing oemn in th e 
the sexual difTeresaation of which may be brought abosrt by both e^M*etk 
epigenetic fectors, forthertaora, it is tha netirral conditkm for many 
•ex utrennoti Among such antmals the two potentialities, female and 
m a latent states they are aiwphtMwial (Whschl) The amphiHa are 
hermaphroditei both genotypically and morphologically Males are hetau* JCPtic 
for sex aren though they la(± morphologically tha sexually cbrP|^ 

somef (Saez, Ro>as and Dt Roberta, I93<J) But the extreme case cf . 

a that of the gephyrean wor m , Bantilui viriMs in which tha female ineaso« auw 
a meter and the male, a few Tirfll lnu itm i- Tha mala lires within tha oriduct and 
inteslme of the female. The larraa which lodge m tha ondoet are 
they leare it, they are trantformed into fesnalea. Tha ondoet aecretes a 
which is able to change the female to tha malt sex. Nowinski ^ 

eipemnerts in winch he demonstrated that larrae may hart their aex chaDgso 
the actiOD of an extract from the cHdncl. 

Gynandromorphs 

These organisms form a mosaic of male and female 
characters with chromosomes of both sexes m different parts 
their bodies They ran be thought of as a genetic mosaic m space 
f (joldschmidt) 

In Drosophila a gynandromorph is produced by the ^ 

Uon of one of the X chromosomes (Fig HI) durmg the d op 
ment of the egg The earlier this “is produced the grater 
the differences bet^*een the female and male parts m *f y 
mdividuaL Figure 111 shoss’s an mdividual m hlch the ng 
IS male and the other half female. In the silkworms an m 
bee, gynandromorphs are common- 
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In summary there ore tlic following mam tj'pes of sci 
determination 

1 By geme equilibrium between the \ cliromo^mcs and tlie 
autosomes (man^ organisms, including man) 

2 By the mutual action of the \ and \ chromosomes (Mel 
andnura and the amphibian axolotl) 



tig 111 Gjmaodnnaorph of DrcKophlla AJm-r- firit di moo m tte ucmenUtun 
itx fpjf ikfmuf the elimifuOoa of «n \ chrvaotoote. Bflow the rceJtm^ 
^ *i*Q<ln>nioTph mdiruhut lti« which u fenuJe (XX) while the 

nrfjt tide u male (\0) At the nphi be»d of • flj The \ chromotome htt been 
eLnmated m coe rf the lert tomiUc miloiri, thowme • red-color spot m the eje 
(After MorpMi, Bridges and Sturtouit taim from Weddingtcn, 19J9 ) 

3 B\ the action of a senes of multiple homozjgoUc and 
heloro7jgotic alleles situated at corresponding locations (H} 
^cnopicra) 

“1 Bj ilie differential action of a single gene (some fishes and 
one case m maize) 

5 B\ the action of Uic cnMronmenl (some anuran amphibia 
snd Uio worm, Boncllia) 


^ linked Inhenlance 
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chnnaonane of DrmopliilA tHere occnr about 500 of tbeta to-called wX'/fnW fnw 
In crossings these genes follorr the dutribntioxi of the X chnanotocDe, and th» tjpe 
of TTiheritance produced u called tti-Unk*d mhtriioTKm, If a male with red «}« 
(dominant) is cro sse d with a female with white eyes (receadre) the oStjamf 
of mof# sex hat e lehxlM tytt and those of ftmalt sax bare red ‘Hut » a cm 
of crossed or ‘'cnsscrtiu" mherrtance (1) If the descendants of this croa are cnncd 
ammg themselrea, one obtains tndnndiials with red ejei and white ejcs m ths 
propartion 1 1:1 1 (2) 

Parents XX^^DC XY^XYM 2^XXXT 

l/£fipnng XX XY XX XX XY ^ ^ XX ^ XY XX XT 

1 ^2 3 4 5 

Although the relathn 3 1 is not obeez-ved m tb« dosamg, the samnd Ln 

of Mendel is soil not infringed, as can be seen by following tbe dhUibutusi of tW 
X chromosomes. When a male with white eye* u crossed with a pure (homosyiotK) 
female with red eyes, the sons and daoghten will hare red ejes (3) If a mils 
with red eres is crrjuieA with a bybnd (heteroxygotjc) female with red ejes, tier* 
appear three red-eyed to one white-eyed o&pnng. In this case one of the led-aytd 
females is pure and the other hybrid, and of the i^ca, oie u red-e>ed and the other 
white-eyed (4) In a cross b e t ween two progemtoai with white eses (father and 
mother recessne) all of the deecendants (both males and females) base wins 
ej es (5) In man there are known to be some recessiTe sex Imled gmes located ^ ^ 
X ehromosoma hrrmg a bereditary distriboticn exactly like that in DicaopbU. 
Amopg these genes are found those which prodnee ammaltes such as ba m qp l pl ** . 
ichthyosis, mjcjiia, the "TTxmUi. etropby of Gowers, daluauam and mg bt bh t urn w e 
These anamahes are tmunntted in the same way that tbe character ‘Vhiie pj** 
u transmitted m DrosopfaJa. It will be noted that these recesort an cim s l i es are 
rarer tn women than m men st^e. for an anomalous son to appear it i* suffiaenl tial 
a woman apparently healthy trot who carries the defectrre gene In a hidd tc ftxn 
(het enaxj ’g o tic) be mamed to a healthy man (4) soch a pair will 
apparently heathy danghters. When an anomalous woman (with two genes m t« 
rocaswre stale) mames (1) a healthy the sons will be anomalaa ^ 

heahby danghten hetoorj godc. If anoaialous men ma rry beahhy bat betmi^T^ 
women (2) or healthy homoxygotlc wuiu en (3) or anomalcas womei 
results will be those which are nnEcated in the respectiro parts of 
ahore. Nmnerous cases which were obscare hare bean clanfisd by 

knowledge of the mechanmn of sex chromosomes m sei-iinked mhentanc*. 
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Chapter \ 

ENZYMES AND CELL RESPIRATION 


The diversity of cell functions is extraordinary In addition to 
the fundaincntal acU\’ity such as decomposition and sjTitlicsis of 
proteins, fats, carbolivdmtes, and so on, ^^hldl characterizes the 
protoplasm of c\*cry ceU tj'pe, there arc in many cases specialized 
functions such as the production of hormones by endocrine cells or 
the secretion of s^^cat bj tlic sudoriparous glands These general 
and specialized actl^^tlcs wluch the cell carries on, and ^^lucll 
as a whole are termed metabolism lead one to believe tliat the 
cell must have a most complex submicroscopic and chemical 
organization. 

The biochemist Hofmeister calculated the number of mole- 
cules which are found in a hepatic cell, arn\'ing at tlic following 
figures 

225,000,000 mintco moleoJes of «ater 
55,000 molcaile* of protetju 

166^000 mJlUoD moIeoiJei of ljpid$ 

2,900 OOO tmlhoQ moloCDla of roMUrr me 


This rough calculation, although inslrucliNC, docs not comcj a 
true picture of the extreme complcxatj and orgnniralion of a 
cell, nor does it indicate tlic chemical diangcs cells undergo 
os their functional acti\'il> ^ ancs 

Tlic cell has been compared to a mmutc laboratory capable of 
r^nynng out sjTitliesis and breakdown of tlic \onous substances 
nonnal bodj temperature. Manj of tlicsc same processes can 
take place under loboratoiy conditions but llicj usually require 
^”gh temperatures, high pressures or other extreme conditions In 
the cell these dicraical reactions arc corned out bj tlic mterv enUon 
°^cnzj*mcs, whidi arc biological caialj'sts capable of speeding up 
or slow mg down dicmicol reactions ncccssaiy to \ntal octmt\ 
Dujtucs IwNc m tins respect certam pomls of similantj to m 
organic colal)sls 

Enzjmcs arc con\cnUonQll\ named bj adding tlic suffix asc 
to the name of the substance on wliidi tlie\ act Dius tlic cnz\mcs 
''iudi break down tlic molcailcs of proteins arc called protcinascs, 
tuo<42 whfdi act upon phosphonc esters arc phosphatases, and so 
on. In some cates Uic denomination refers to on entire group of 
for example, all of the cnrxmcs cajKiblo of separating 
) rogen from xanous substrates ore called ddijdrogcnotcs In 
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this group succmo-doliydrogcnosc is Uio cnzymo ivhidi Qcttvota 
hydrogen from die succinic nad Tins terminology also embodies 
the concept tliat tlio enzymatic octivitj is specific, Le>, cacli 
cniymo is capable of acting upon a determined substrate, Tlicrc 
are, liowover different degrees of specificity This is ‘absolute” 
v?hen only one definite substrate is attacked, ‘stcrcodiomical" 
where action depends on stereoclicmical configuration (i o,, ^ 
glucosidaso), or ‘relative when a variety of compounds ore 
split (i e,, lipase) 

Enzymes are complex proteins whicli form colloidal solutions 
when dissohed Several enzymes sucli as urease, pepsin, trypsin, 
catalase and nbonuclcaso have been purified and crystalUicd. 
The molecular weight of pepsm is 35,600 and of urease, 483,000 
Enzymes, like other proteins, behave os zwttonons and have 
definite isoelectric pomts. Their activity is influenced by different 
factors such as the concentration of tlic substrate and of the 
enzyme. Temperature increases tlio rate of reaction up to a certain 
Lumt Enzymic processes also depend on tlio pH, and for each 
enzyme tlicro is on optimal hydrogen ion conccntralion- 

Sevoral enzymes, called zymogens, are found in tlic cell in 
inactive forms Zymogens are uicn activated by substances 
called kinases For instance, iryiismogcn, produced by pancrcotK 
colls, is activated by cntcrok'inaso in tlio intcstinol cavity 

A wide vanot> of morgamc and orgomc compoimds may in 
fluonco cnzymo activity Some of tlicm, called cocruymes 
diffusible and heat stable substances of small molecular weight 
whicli, when combmed witli an inocUvo protein compon<mt 
(opoenzymo), form an active complex (liolocnzymc) Adonyhc 
oad glutatluonc, riboflavin and coonzyracs I and U (see Qinptcr 
n) belong to this group 

Tlio total quantity of enzymes m o cell vanes from one 
to anotlicr Some estimations indicate tlint in a suigic cell tlicro 
arc at least a tliousond different enzymes. Wo must also bear 
in mind tlic possibility tliat, according to tlio circumstances, o 
given enzyme may act at one tune as a hydrolytic enzyme on 
at onoUier time show syntlicsizing activity Tins problem wui 
treated later on. 


METHODS 

In early days, biochemists Imutcd tliemsclvcs 
analysis of living matcnal in order to Icnni tlio vnnous subs 
whicli compose it and tlio proportions m whicli tlioy occur m 
body Sudi analysis was based on tlic mcdiaiucnl dcstnic ^ 
tlic entire organ or of smaller or larger pieces of tissues 
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of procedure vras frmtful for its day but could not give 
us a verj satisfactoiy kno^^ ledge of tbe composition of a single 
cell nor of the mtiraatc metabolic processes occurring in the 
celL One aim of modem biologj is to discover how a cell functions, 
LC-, under ^^luch conditions it cames on its Mtal processes, how it 
sjnthesizes its o^vn substances and how it reproduces itself One 
approach to tliesc problems lies m tlie studies of living cells and 
tissues 



KOII) th latent btxtb Rjghl Marburg macometer »een 

™ 'ninl nd latent nen* (After Dixcn ) 

^Qrburg i Manomelnc Method 

A great contribution m tins direction was made b\ the German 
P '»iologist, Olto ^^n^burg wlio, in 1^2? de<cn!>cd Ins mano 

''‘^ertbeli'n, y , ih iK^ y notfi p^ of cheri c 1 fncUifuti, it hii brrom to 

•Ti nun t qu nl tun of matm 1 (mKTochemi trv ) nd to drrvwittnte 
™ reilr a fen mil pnm f tn u On lb oU hand, cert n h fti> 
■>1 ^ menooned in artou cbii>ter« of ih bonb f-mi t t W Iir 

,i '‘Irmune the quantlt^ of utHtancfn n ih intervn* of a ( rpl c 11 ^^e 

rvt I mil methf>Ji in the coune of ihii ch pier 
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metnc method for studying the metabolism of hvmg celTi under 
physiological conditions 

Aj (bown in Figure 112, the Warburg apparatnt cauitta eoentUbf of a pw*n 
reaction fl"«V connected to a manometer Tb« tmoe is placed In the and ii fan- 
mmed In a physiological salt aolutnm. The manometer m easui e s the r*- ndnrf V i 
or coenunption of gases by the tmue aUcci. The srbole appantos is {q a 

constant temperature bath and shaken condnuonsly in order to mamtstn tnnfem 
conditiocu Inside the flasks. 

One can illostrate the s ro r klu g of the Wsuhorg apparatus by a co nc rete example 
Very fine slices of recently reroore d Urer are cut and placed within the flask h ■ 
physiological eedatiom Potascinn hydroxide is put inside the small chamber SJtnatsd 
m the middle of the flask. Thrcmgh the manometer and the flask a stream of pars 
oxygen, or a m tittir e of oxygen and mtrogei. Is passed, the stoppers are cloeed and tbs 


TABLE Xn 

OxTOEtr CowftrurnoN Qd o t ixj tts of Vabjodi Tjsstrss 
(After Krebs, 1638, modified.) 


Organ 

SperiM 

Qo, 

Erylhrocjtn 

nabut 

'0 $l 

BUfi 

Msb 

-1 Oto -S 9 

Pasereas 

Do, 

>•5 t 

Thymus 

Bat 

~S t 

flghmanrkry gland 

Man 

15 

Thromboe) tes 

Rat 


Urer 

Rat 

-8 Bto -U * 

leucocytss 

Rat 

-0 I 

ThyroKl , 

l>og 


Adrenal Ghud 

Rat 


Kidney (Medulla) . 

M D 


Bone hiarroa 

Rat 

— 10 6 

Cerebrum (Cortex) 

Rat 


Spleen 

Rat 


Uypophjsu 

Rat 


Gastric hlococa 

131 a 


BetJna 

Rat 



Qoj Quantity of oxygen eonntmed per 1 mg of dry ti»mo prr hour 


whole system immersed In the hsth. After a few minutes, during which the ^ 

and external temperatures come Into eqaflibrhnD, the imtial reading of tbojD"*^^ 
11 made. In the interior of the the sbeea of lirer coemmo orygm and c 
carben dlonde The latter howerer is ahsotrbed by the potassium 
tha quantity of ox y gen dimfantbas, the manometer sho ws ^baiy s p™^ 
These chan^ are read at appropriate mterrali during the expennmt Tm 
of o x yg en m cu. mm. ccaaumed by the slices can be calculate frtm 
of the manometer and £laik.+ From the figure reached as a result of tbe^ c a 
and the dry wejgfat of the tissue, the so-called quotient (Q) ^ beei*an>ea ^ 
quotient expresses the quantity in m. mm. of gas consumed (or pnwucea; 
tissue per mdligrem of dry tissue per hour (Table XH) 


Warburg used a modified type of manometer prencnily described^ 
fin the fonnnla for the calcnlstlaD of the coottsnt, the redocncsi 
teraperatura and atmospheric pre ssure is mto account 
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Otlnr meU^lc prtcr^tri cjd b« ttudied m • mnHu- v.a3 IX oik wuhei to 
ftodj anaerobic one can past an inert gas (nitrogen or a mixture of 

m ti o gcii and carbffl duTsde) and add an excess of sodium bicarbonate to the 
pbj'ncdogical salt solution The lactic aod formed at the final ptoduct of thu 
reacboD combines with tbe bicarbonate to form sodium lactate, bberaUng carbon 
dioxida Henca, tbe manometers thoia a positiie pressure and from the amount 
of caibcD dioxide formed, tbe mtmntj of fermentation can be measured. 

Ntnneroos and important discmenet hate bem made by tbe use of tbis method 
and, as a consequence, our kncmiedge of the functicn of tbe enx>mes m Inmg 
Q fttmt has made considerable progress 

Micromanometnc Method 

In recent ^•cars manometnc mctliodi hat e been det eloped so as 
to detect very small changes m gas tolume, and hence to studj 
the metabolism of mmuto quantities of tissue (Lindcrstrom Lang 
andHolter Boell, Needham and Rogers) This ultramicromanora 
eter is based on the fact that a small container or vcsscL pro 
tided tvith a bubble of gas and mtroduced into a larger one 
containing a flmd of a certam dcnsitj tends to float, and its 
tcrtical position depends on tho pressure exerted on llie fluid 
around it ^^^len the outer pressure increases, tlic tcsscl sinks, and 
"hen It dunmislies, the tessel rises This u tlio same pnnaplc 
used in tho toj called tho Cartesian Dit cr in wluch tlic small 
vessel IS represented by a figure of a ditcr floating m a small )ar 
tile lop of ttluch IS covered bj a rubber membrane ^Vhcn a finger 
presses tho membrane, tlie ditcr submerges, but as soon ns Uie 
pressure is released, the ditcr nscs again. If llic pressure is con 
slant the figure remains m o posiDon of equilibrium On tlic 
other hand, if tho external pressure is constant but tlic quanlitj 
of gai inside tlic diver changes os a consequence of rcacuons 
lading place in tlie interior the position of llic ditcr also cliangcs 
and It is ncccssarj to exert or release the pressure to bnng tlic 
ditcr to lU former position 

, dim- u d«tcnbed bj Boell, Needluni aud Roger* (Fig 113) hi* m lU 
p«rl t *^1 of glMi *ibicb cause* it to maintain a erOcal potition. Abme 
» n the Uilb or rvactioo chamber at the bottom of tshich i* placed a tint 
C®«iU of tmue or a ceU, mb merge d m a pb}uoIogKal salt solution then 
^ *paco for the gas, nhicb occopiea part of tbe bulb and about half of 
Iba dner- tba ceck ii closed by a drop of oU. Th« direr 1* mbroerped 
a '«*«1 H lb a Dotatioc medium which (* not e ce<n cl> r loou* and ba* a 
•olubibtr for the ppsi. (Boell, Needham and Rortt* u»e 1 tbiam chlonde 
whereas lind e rttrSm Lang and Click adnie ammomum sulfate solution 
moat tultable solution u one contauung a combinalicn of sodium n irale 
«n K ^ tbloode ) The entire flotation sessel u connected with a water manometer 
^ pressure u kept m equil bnum by mean* of a *Tnnge prosided with 
,^1 * adjmtmenU. Tbe preisnre u changed until end of the 

f ” direr i* opposite to tbe equil bnum line marked on the out ide of tb 
'*^1 Tbe pressme dirTerences can be read e iher directly on tbe cal brateO 
* *® a tpea Uy cominicted manometer The quotient it ordinarily c 1 
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minted CD tlu b*su of the nitrogfcn conteat of the tmoe. With thk nltnimcrtancttia- 
«ter It u pooihle to Inrefticate either the urobc or enaenstHC meteholhim, mi 
gu chDigeJ of the oxrier of one milhcDth of a cubic centnocter can be m eeimpL 
An eicellect and detaOed deacnption of the theoiT and technique of the di\cr 
bat been published h^ Hdter and lindentiuui-Lang (1^3) 

Compared with the Warburg method which registers changes 
of about 20 ciL mnu, the diver method shows changes of 0 008 to 
0 022 cm ram, Tlus has made it possible to measure the anaerobic 



Fig 113 Schematic rierv of the ultrmmicromaDOtiieter (“dher* ^ ^ 

mano ma ter B anlarsed drawing of the direr (After Boelh P«eedham and Iwf®*- 

glycolj-sis of the dorsal hp of the blastopore m the gastrula of ^ 
frog, to demonstrate that it is three times greater tlian that m 
tcntral ectoderm, and to determine that the oiganiration cen 
has a greater output of ammoma (Boell, Needham and hog^ 
The ditcr technique has been adapted to the study of respira 
of cells m tissue cultures, and it ^vas found that the 
of one fibroblast corresponds to 5 X 1 d"' nfi- (Zamcemt 
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the other hand, Zeuthen (1946) raeasiircd the oxjgen consump- 
tion of a single frog egg m order to ascertam whether there is a 
rhythm m the respiration dimng cleavage, as reported by Brachet 
and others, ^ho used the less sensitive Warburg method Holler 
and Lindahl (1940) vntli tlie help of the diver method, mvcsti 
gated the oxygen uptahe of animal and vegEtati\c poles of the 
dcvelopmg sea urchm egg {Paraccntrotiis liindus) These ex 
araplcs are sufficient to 8ho^^ what an important ne\\ field ^^as 
opened for research, particularly as the diver raetliod is sensitive 
enough to wort widi a small group of cells or even a single 
protozoo iL 

Based on tlic prmaple of the cartesian diver a diver balance 
has rcccntl} been developed wluch permits tlie ^^elghlng of a 
suiglc amc^ imdcr water (Zeutlicn, 1947) and tlius permits the 
following of its metabobc changes through stan-ation periods of 
several weeks 

In tlie majority of cases the manometne mctliods arc used 
to in\cstigato enzymatic actinty mdirectly by measuring the 
amount of gas hberated or taken up m a reaction Tlicrc arc, 
hovicvcr other methods mwlucli enzyme activity can be measured 
duectly 

Microanalytlcal Methods 

Many mgemous mctliods have been densod m recent years 
"hereby quanUtaU\c analytical procedures of ordinary clicmistry 
hare come to bo adapted to measure extremely small quantities 
of substances Tlius tlie measurement of 0 1 to 1 pg of nitrogen 
"ithin an accuracy of 0 0(b pg is possible (Brucl et al ) and 
*unilar microanaly'tical methods for potassium and phosphate 
^vc been devised A number of micromolliods applicable to 
cnrynic systems arc also a^’^lIablc 

The use of sucli micromcUiods is particularly illuminating 
"hen dicmical analysis or enzymatic determinations arc com 
Dined With cynological mctliods In this case a correlation between 
cell function and cbcraical topography can be obtnmod 

A detailed description of tlicsc mctliods is bc\ond the scope 
® this book (for details sec tlic cliapter by Holtcr and Lmdcr 
Lang 1910 in tlic Handbucli dcr Lnrymologie ) ^^c 
*hall bmit oursches to a very general description only 

_ obu n tbo Dutmal, the orfwi or lun« (for example li rr or 

1* Irozen end a c^lmdidcal pieco of Vnemn diamHrr ii mntned br 
” * boHoTT ptmcK Thu froxen cjfl nder of mitenal u cut on a rpecialh 
(r<C 115) n aoclKHii 10 to 50 |i thick Kiwminif the dutT>e 1 <*r 
“jckneii of the aecljont, the rolame of the tiiroe can he readilr caInJated 
^ * tmall reaction tahe (of vihlch the total Tolnme ii on!/ 0^5 
then the mhftrata and other nibctancea are failrodaced hj meam of 
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■ utm i u - faff znuiroiTipcttM irhicii pc n ut lb« TT>^ q n-imi^t q{ (jntQtttw of tlio «- i V r d 
0 030 cn. xnm. 

For the titrstkmx, a •en« of pltramkroh ujetl aa u toed (Ftf. 114) ffUch tie 
c oig poKd of fotzT parts (a) a ernaTI plctfonn irhlch can bo <£tp[aced uy n anl taf 
dcmriTranl and u po n educh the mmut a tnb* for the ptf tiim is (h) t 

zmaoborette with the t rtra tic a i l eai aul (P) ctsmected with (c) a tyriaft fiTW 
with iDOf C iuj r and pmrided with a ntunmetnc screw (S) axsd (f) an dcctrO' 
mafnct (A) ‘Ihe titrathm !s carried out in the fcHovring waj By louuilm the 
tOTW a small quantitj of the l ea geut is introdnced faHo the tnbe whidi 
the prodoct of the enzrmatic actmty In order to insnra good mrrfng, a stuII 
glass ball dlad with imn dost is introduced mto the tnhe. Tins ball is eghatad by 
the alectnnnegnct. 



These methods have permitted the detcnmnatioii of a senes 
of enrj’nies m extremely mimite q uan tities of tissue- It 
possible, for instance, to demonstrate that m the eggs of vanow 
marme ammals, peptidase (an enryme which splits the peptide 
l ink ) IS located m the matrix or fundamental ^;^oplasm of ^ 
celL Furthermore, Holter Tjitit and Lmderstrom La ng sboww 
that, during the stages of the cleavage of a developmg e^^ 
Psammechinus rnihans p^rtidase u equally distributed 
the animal and the vegetative poles and between the ngbt an 
left blastomcres , 

Another great advantage of these methods is the fact that e 
biochermcal determinations can be made simultaneously ^ 
histological and cytological analysis of the roatenaL For ^ 
purpose, alternate sections of the plug of tissue can be 
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stained for microscopic study (Fig 115) and the results correlated 
vnth enzyme activil^ of tlie slice (see, for instance, Landerstrom 
Lang and Mogensen) 




. ,^(^5 ^ ^hentome for frwfn tfctionni^ The ■ppirttin u kept m «n ejpecuillj 
conUiner whoh ketpi the tu>u« *nd the lectMms Iroiei. B Scheme of the 
"Jth the freennK microtcme. The cj finder of tmne w »ectiooed end the 
7^*^ ti» coUected »o t^t e*ch oltenute piece u oied for enrym*t»c an«I>us 
othen for hutolopcel cenunL (After Lmdentrum Lan^ ) 


LOCALIZATION OF ENZYMES 
"^^opoBrophy of Enzymes in Tissue 

an example of localization of cn7\Tiics m tissue slioll 
•Per in detail Uie work done on prutemasos in tlio gnstro- 
^nal tracL Lmdcrslrom Long and Ins collabomtors 1 iq\c 



260 


CEItERAL CTTOLOCT 

Studied the localization of pepsin in different regions of the 
stomadi and tJic juxtapylonc portion of the duodenum of the pig 
For tliese estimations, tlic gastnc mucosa %vas frozen and cylm 
dncal plugs 2 mnu m diameter were cut from different zones. 
Tliese cylinders ^\crc thou sectioned on a freezing microloiDe 
m planes parallel to the surfoce of the mucosa In tlie senes ol 




*s u y tJ i3 >1 


DUUdcc trom the nrl«c« la mm. ^ 

Fjg, 116 Pepcin contoit of Uit ^anotu parti of o fosdic gland from tba 
of the pif The coarca Utmi repretenU the quantity of pep*in (In unJti) at 
diftancei from Um mrface of the muroia the fine line roprwenti the mrmher M 
principal calli at the coirefpODdaig locations. In the lower part of the Cforei • 
diagram of a ftmdk gland of the pfg the d*plh of whkh (in mm ) coincida wwi 
the correipondmg drrliwm of the cum* (Alter Holter and linderstrotn-Lan#, 
modified.) 

Sections obtained, tlic degree of pepsin activity was detomnned 
according to the mctliods described above Tims the enzymatic 
acUvitj could be demonstrated to bo dependent on tlio localization 
of the sccuon of the mucosa (Fig 116) These studies have a 
particular histochcmical importance because thej correlate the 
activity of the onzjTno m diffcnmt sections %vith the histologica 
picture of adjommg sections It w-as shosvn tliat the contcn^i 
pepsin in the cardiac region and duodenum is very low Tee 
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greatest acti\nty was found m tlic fundus at a distance of 2 to 2 5 
ram- from tlic surface, coincides wiUi Uic sites of greatest 

abundance of the zjTnogemc (duef) cells (Fig. 116) Tlic p}lonc 
region also has its maYimum ocUvit} at tlic same le\‘cl in the 
mucosa, but here tlic acti\Tt3 is mucli less tlicn m tlie fundus 
It has to be stressed tliat pepsin docs not occur os such m the 
cells but m an mactl^ ated form called pepsmogen At pH 2 0 
pepsinogen is comerted mto pcpsinu However the expenraents of 
Lmderstrom Lang and his collaborators ha\c been described m 
terms of proteolytic activity as pepsinogen docs not hjdrohzc 
proteins 

TABLE Xll! 

CoNTcrr itT PcMiT AND e or CguA r« 

Dutteekt Pa*t* or DroErmr Tiact 

OF THE PlO 

Actintj Expmsed In Emnne UnitJ Molbpbtd bj* 1000 
(Alter LindentrBm ancl Hotter 1940 modified ) 
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of this cnrymo is located in tho neck chief cells, cpithehal celli 
and chief colls of tho fundus and pylorus On the other 
Brunners colls in tho duodenum arc rich in dipopUdasc but 
contam htUc pepsin. In contrast, tho cpithchaL, nock chief ccUi 
and chief cells of the fundus arc very rich in dipcptidasc. These 
same groups of colls in tho pylorus contain (with tho exception 
of the epithelial colls) a fair amount of both cmymcs. The table 
demonstrates further on that tho chief cells and tho nock chief 
colls of tho fundus are primarily responsible for tho production 
of pepsin, whereas tho same colls similarly situated in the duo- 
denum arc the chief producers of dipcptidasc- 

TABLE XIV 

LoCALHATIOJt AKD APMttmjiATB CoWOSirTiATtONl OT SoMB EWTTWn Pt 

Lxveb Nvoja 
(From Dcimrt, modifiai) 
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localixatjon of ens^TTies Tluslw’pollicsis has not been, corroborated 
hy modem work, on tlie contrary, the nuclear ox\gcn con 
sumption and enzjTne content pro\ed to be in general much 
lower than those of the cj'toplasm In gcmunal vesicles of frog 
eggs rcmo>cd mechanically oxygen consumption of onlj 1 to 2 
per cent of that of the total egg has been foimd (Brachet) Analyses 
of cniymc content have been earned out on nuclei of \i\ er colls, 
isolat^ and concentrated by tcclmiqucs which invoU e fragmenta 
Uon of the cell and differential centrifugation (Fig 54) (See 
Qiapter VII ) Table XTV shows some of the results obtamed It 
can be readily seen that the onlj enzyme present in hver nuclei 
m a higher concentration than in cj'toplasm is alkaline phos- 
phatase This fact IS confirmed by Goraon s histochcmical 
techmquc. In isolated nuclei, metabohlcs are gcncrallj absent 


S OC Cr Mfo V 
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F'C tt? Schematic q{ ui tmeba attcr hciog nViKted to the kcUdo of 
tfirtnfagiiKin DC, doue matrix O ciTTtali A jrocleuj Alilo, chondnoionm t 
CV contractile reciiole; F i»L Scale A repmenli the dirimmi of the body 
the ameba mto fit e lecton Sc^e B repmenU the percentage of choodrwMome* m 
the differeot pens of the amebe. Scale C slwws the eontnit of matrix In diffeient 
(After Holler and Doj la.) 


cocnzjTncs arc present only in concentrations These re- 
mits may be due to an original low concentration or to losses 
Qtmng the preparation of the raalcnal Bj tins technique olso llic 
lo^vuig ^'ltamlns have been found to be present in tlie nucleus 
nbotlavin, inositol, nicotinic acid, pantothenic acid, tliiominc, 
folic ncid and biotm (Dounco) 
intracellular localization of prolcoly’iic enzymes has been 
itudicd m the eggs of tlic sea urchin, Dendraster crccntncus 
n these eggs tlic nucleus has an cccentnc position and, hence, if 

tl- 1 emjmet raTotred in the breaWorrii of photphone enlm ^ith 

^ ^ phorphate icm. The hittocbemkal technique mrol et the locubation 

|ij ^ >ectK>pt with a fubftrate contamlnR i;l) cerofhmphate. Phoephone aad 
,1 ^ rraction h imnwdial 1\ prrcip tatc^l ai calcrum phoipHate br calaum 
\j Mcvirt la the tubMrate The preap Uled phorphate tt then made e^«lent 
wjth cobaliroui mIu and ammonium colfate (Gomon) 
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the eggs are divided into tv,o portions, one half can be obtained 
containing the nucleus and the otlicr only cytoplasm It was 
found tliat the parts with the nucleus show greater peptidase 
activity From these experiments it seems probable that this 
enzyme is bound up, at least m the greater part, witli the nucleus. 
The same problem was studied m the amebac These Protozoa can 
survive without a nucleus for three days Holtcr and Kopac re- 
moved the nucleus surgically from amebae and compared the 
activity of denuclcatcd animals with tliat of normal ones. In 
tins case, however tliey did not find differences m activity be- 
tween enucleated and nucleate amebac. 


TABLE XV 

DimiBcnoiT or EifXTMM iw FiiAonoN* of Livi» HouoocTATn or rnt Rat 
(F rom Schneider 1W6, modJled.) 


Tbfu Frm^tkin 
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OTt(fa«e 

Cytoebfome 
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lOH 
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\odetr Frtctioo 

£5 4 
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01 

LTItocfa adrfal rrmetrao 
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416 

UDfractioiKd Reiidoe 

1 
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£57 


Tb •ctinlle* are nprawd ei HUB 0 / Ot lekm op pet 10 iiJboI** by U» 
ot 100 mg of fre«b tmse. 

t Tb ictiTrttet are eiprened m tmerogram* of phoephonu libereted fa 15 menrte* by 
tbe eqatraWnt of 100 mg of fmh titiue 

We shall take as a further example the localization of amylase 
(the cnzjTuo which hydrolyzes starch) m Amoeba proteus (Holtcr 
and Doyle, 1938) When these Protozoa ore centrifuged, thoir 
components are separated and stratify m tlic form shown in 
Figure 117 It can be noticed that tlic chondnosomes {Mito) and 
nucleus {N) settle at about tlio middle of tho body At the centn^ 
ctal end arc found drops of hpids (F) tlie contractile vacuole 
{CV) and minute vacuoles (F) at tlio centrifugal end are ac 
aimulatcd some mclusions {S Cr) and tlic dense cytoplasm ^ 
matrix (DC) Under tlicsc conditions tlio amebao were sections 
m five planes represented on tho Imc A and tho volume of me 
fragments calculated by tho space which tlio> occupied on being 
aspirated with a cahbrated pipctta On the line B tlio 
of tlie diondnosoracs m each one of tho regions is mdicat^ an 
on tlie Imc C the percentage of llio cytoplasmic matrix Tlioug 
these experiments hav'o not shown very defimto difference m 
amjlasc activitj of tlic various regions it is 
tliat the parts which contam a greater percentage of mifochon 
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jliow also a more mtonsc enzymatic acUvitj Tlic authors therefore 
draw the conclusion that, \vitli all probabilitj amj lasc is localized 
m the diondnomes of tlic amcbac. Usmg a similar teclinique, 
Holtcr and Kopac (1937) demonstrated that tlie peptidase in 
ameba is localized in the matnx- 

Rccent mvestigations earned out mamlj on ll^e^ cells, bj 
using tlie technique oT fragmentation and differential centnf 
ugalion, suggest tlie conclusion that some of the important 
enzjines mvolved m cell respiration arc associated with relatively 
large granules (0 5 to 2 p m diameter) present in the cy'toplasni 
and generaUj considered to be mitochondna 

Table XV shows that succmo-ovidase and cy'tochrome oxidase 
are very definitely assoaated with the mitodiondnal fraction. 
For example, m the case of the cyloclirome oxidase, calculaUng 
m percentages the results shown m Table XY it is found that 
the mitochondna contam 73 9 per cent of tlio original enzyme 
actiMty while the nudei contain only 5 4 per cent and the 
uniractioncd residue 14 5 per cent 

Si mil a r results were obtamed after a more complete fraction 
aUon of the cytoplasmic homogenate. 


TABLE X\T 

DimatfTio** OF Cmeiao'uz OrmuB a^o Sooo^o-ovni^ c» Cttopiajmic 
Fiacttox* ot» TBtK Rw Livn 

(Frcm Hopebcpom, Qaad* ■ml HotthHu, 1&46, toodiCed.) 
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A tyqiical example is seen m Table X^^ wliidi shoivs the 
Qp«t sticcino-oxidaso and cytodiromc oxidase activiU to be 
m tlio large granules fraction (nntodiondna) It is also 
that microsomcs (sec Qiaptcr V) contain n small proportion 
r "hich probably can be accounted for by contamination 

large granules or large granule fragments, and tliat tlic 
^pcrnalant left after sedimentation of mitochondria and raicro- 
* 1 **^"* octmt\ whateser Tlicsc results tend also to in 
tliat tlic respiratory cnz\TOCs arc bound to nntodiondna 


Rcccntl 


^ m fn 


1) cytoplasmic granules were separated b\ centnfuga 


c fractions of different granule size It was found that 
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alkalin e phosphatase and adenosine pyrophosphatase is more con 
centrated in the larger grannies In contr^ the ribonucloc 
aad IS much more concentrated in the smaller granules (Chan- 
trenne, 1947) 

Enzymes and Cell Structure 

The data we have discussed on the mtracellular topography 
of enzymes lead us to consider the relation between cell structure 
and enzyme activity 

It IS necessary to recall that, referring to their site of action, 
there are different classes of enzymes. Some, as for example, 
pepsin, trypsm and ptyalin, are pniduced by the cell m an m 
active form and are secreted into the cavities of the body where 
they become active Other enzymes are secreted by the cell into 
the mtracellular tissue spaces (lc,, hyaluromdase) and fi na l ly 
many enzymes are localized entirely within the cell and serve 
to maintain all the vital processes In this section w© shall discus 
exclusively the last group 

Among these intraceUular enzymes thcro is a senes which 
can survive destruction of the celL Such is the case with enxym® 
of yeast for the alcohohe fermentation. A cell free yeast extract is 
capable of fermenting sugar although it is somewhat less active 
than the living cell itself. Other enzymes such as ascorbic-acid 
oxidase and nbonuclease, also act when extracted from the celL 
There are, ho\vevcr other mtracellular enzymes, the activity^ 
which cease as soon as the relhilnr organization is destroyed. 
Thus, for example, the cytochromes a and b (about which vre 
sha l l speak later) lose their activity when the cell is destroyed, 
whereas cytochrome c is easily extractable. 

These facts lead to the distinction of two types of 
those which do not need the structural unity of a cell and, thei^ 
fore, can act m horaogonatea, and those which are intunately 
bound up with the morphological organization of the celk 

The degree of umon of the enzyme to the protoplasm 
also to have an important influence on the ^vay the enzyme a 
Oparm claims that some hydrolytic enzymes have the capacity 
of either synthesizmg or hydrolyzing, according to the degree o 
fixation m the protoplasm of the cell- 

Willstatter and Rohdewald distinguish three types 
(i) the lyoenzymes or enzymes dissolved directly in me 
plasm, the extraction of which is relatively easy (2) the 
ensymes which, in contrast to the former are boimd to 
protoplasm and therefore cannot be extracted by the avaixa 
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methods and (3) the cndoenzymes which are apparently ad 
sorbed or bound to the plasma membrane, whose extraction is 
possible onlj when the membrane is destroyed by chemical or 
mechamcal means 

An attempt to analjrze the relation between cell structure 
and respiratory enzjTnes was earned out by correlating 0x3 gen 
consumption and succmo-dehjrdrogcnasc actinty with cytological 
structure both in sections and m liver homogenates Tins study 
was done on normal tissue or after jfreczmg m liqmd air or freezing 
and drying m vacuum. (De Robcrtis and Nowinski, 1942 ) 

TABLE XVn 
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(NottuuU *nd D« Robertu, 1913 .) 
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The mom results are summarized m Table XVn m ^^hlch arc 
the most important cytological cliangcs along with tlic 
^^ygen uptake (Ooj) without and mth sodium snccinotc os sub- 
»iratc 

h maj be noted tlint freezing considerably diminishes tlic 
^'ygen uptake — about 68 per cent of tlial of the tissue This result 
to be due, in part, to the diffusion of tlic substrates out of 
the ^ vacuolization can be observed histologicallj and 

addition of the succinate increases tlic consiunption of oxygen 
'"ns.dcrabh (fram -2 Ot to ~5JS7) 

h\cr homogenate is observed imdcr the nncro^icopc, some 
^ of the cells, such ns the nuclei and the chondnosomes, arc 
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often iritact (see Table XVII) If, however the homogenate u 
frozen, the chondnosomes disappear and at the same tune the 
actmtj of the sucemo-dehydrogenase decreases considerably 
(from Qoj —6 57 to —2 88) 

These results were interpreted as indicating that the activity 
of the succino-dehydrogcnaso is linied to the presence of the 
chondnosomes as an mtraccUular unity It is mterestmg that 
recently it has been proven that this enzyme is present m high 
concentration in the mitochondrial fraction (sec above) It seemi 
very possible that the disruption of the molecular organization 
of these organoids by freezing affects the activity of the enzyme. 

The study of the intracellular localization of enzymes and 
their relation to cell structure and function has only started As 
Green (1937) pomts out, the major discoveries of the mechanisms 
which cells utilize for their reactions have practically all been 
made by the analysis of the behavior of fyll extracts and of enzyme 
systems but ”thc materials of the ccU offer unlimited possibihtiei 
of combination and interaction, few of which are realized by the 
cell under normal conditions Ho therefore emphasizes that 
such phenomena have no biological importance unless a si nnl ar 
process is observed m vivo This, of course, is perfectly pistified 
and true as far as enzymatic systems, hJee the Warburg KeHm 
system of cellular oxidations or the process of phosphorylatioii, 
are concerned. Also Commoner (1942) who extensively discussed 
the problem of cell structure and oxidations, concluded that the 
most important factor determining the course of chemical events 
m the cell is the vciy structure which is destroyed m the process 
of extraction 

The study of tissues, homogenates, or even of mistreated 
sections, m which the cells can be easily damaged, is often mis- 
leading Such preparations may show many reactions similar to 
those present in the normal tissue, but espiecially those pcrtanung 
to synthetic processes have disappeared (Krebs) In a groim 
Dssue, although some cytological structures such as the nudem 
jnd the mitochondria may persist, with the dismtegration of the 
plasma membrane, the displacement and dilution of the structural 
pro t ern s, oxidation reduction syzteras, metabohtes and eled^ 
lytes. the whole molecular organization of the cell is d cslroy^ 
Furthermore, cellular damage bnngs forth enzyiiiatic 
which m the mtact cell are kept m check for example, the de* 
structive action of phosphatase on phosphorylatcd coropoun 
the destructive action of the pynduic nncleotide-sphttmg 
which destroys the enzymie components, diphospho- an 
phosphopyndine nucleotides. The destruction of the celim 
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architecture, and of tlio scmipcrmcablc membranes produces, also 
diangcs in tlie onentation of reactions and bnngs fortli stimulat 
mg or inhibitor} effects of tlic clectrol 3 'tcs dissolved in tlie tissue 
suspension (Gurman Barron) 

It IS evident tliat tlie exact knowledge of ho^^ metabolic 
processes occur inside tlie cell and arc regulated to follow definite 
oncntations \>t 11 onlj be attained by tlie mtegrated studies of tlie 
molecular organization of the protoplasm, nlucli constitutes tlie 
basic machmery of tlie cell, plus tlio investigation of how cnzjTncs 
and metabobtes are localized and coupled to tliat macluncr} to 
bnng about the orderly processes cliaractcnstic of life. 


CELL RESPIRATION 

The oxidation of metabobtes furnishes tlie cell ^^'lth tlie 
energ} required for its numerous functions TTus ovidatise process 
uhicli generally in\ol\C3 tlie utilization of ov^gen and the pro- 
duction of carbon dioxide and water is referred to as respiration 
For 0 long time it n-as tliought tliat oxidation and its opposite 
pnxxss, reduction, ^cro based onl> on tlie direct clicmical com 
bination mtli oxjgcn or tlie loss of Uus element It is nou knoi%’n. 
bo\^c\c^ Umt under anaerobic conditions vntlim the cell, ui 
spite of the fact that tlicre is no molecular oxygen m tlie sjstcm, 
a senes of oxidations and reductions ma> take place. 

The modem concept of oxidation reduction is based on llic 
atom model and defines oxidation os Uic unlJidrawal of clcfctrons 
•mm a molecule (or atom) and reduction as tlie addition of 
electrons (ISbcliacbs) 

Therefore, besides tlie direct combmolion v\atli oxygen, at 
the present time tlio foUou'ing clicmical diangcs arc considered 
^ oxidations (a) Tlie loss of lijdrogcn for c.\amplc, ascorbic 
^ ®^di 2 cd to dchj'dro-ascorbic acid bj tlie loss of Uxt) atoms 
(f») tlie addition of ^^atc^ xxath tlio simultaneous loss 
^ as in tlie ease of Uic formation of acetic aad from 

®^^hol (c) tlie loss of electrons xMtliout simultnncou 
® lUon of Oi or loss of IIj For example bixalcnt iron, Fc 
cjious) IS oxidized into Iruolcnt iron, Fc (feme) Iloucxer 
Hlb clicmical prcxrosscs Uic fundamental fact of oxidation 
' c loss of electrons bj Uic molecule or atom oxidized 
. a Q similar x\a\ Uic rexerse processes of nxluction take place 
addition of electrons 

uch of oiu* knoix ledge of Uic mechanism of ccllulor oxida 
stems from inxestigntions bx ^^a^burg of Uic cotalx'tic 
inli'i liound iron He found Uiat cell respiration 

‘bitcd irrcxcrsibl} bj cjonide and rcxcrsiblj b} carbon 
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monoxide in the dark, Smce it was known that iron lierae com- 
pounds possess this property and tliat Oioy readily combine vnth 
cyanide (as in tho case of hemoglobm) Warburg deducted that 
there must exist in tho coll an enzyme containing iron, capable 
of combining with oxygen in normal circumstances. Spectroscopic 
analysis revealed this compound, which ho called the rcspirat^ 
enzyme ( Atmungsferment ) and which ho found to be related 
to hemiTL Smeo this respiratory enzyme behaves similarly to 
hemoglobin, it was concluded that the active part of tlio moleoile 
was iron and that this enzyme was carrying out its function by 
acUvatmg the oi^gen and transferring it to another compound. 
Scliematically, tho reaction may be expressed as follows 

Fcrrww-retplnitloo «uyme + O >mlc-r«*pinitioa — Oj 

Femc-rrfplnilkm enxyme — + »at«ti*l*-ni — » nui “ -f 

This scheme not only represents Warburg s idea of the action 
of the respiratory enzyme, but it also corresponds to the concept 
of tho mechanism of enzymatic reactions wluch is m uso today 

When Warburg was working out his tlieory of cellular oxida- 
tions, Wieland published an opposmg view based on a pnnaiw 
role played by hydrogen rather tlian by oxygen. He demonstrated 
tliat oxidations could occur in tho complete absence of oxygen 
(namely by the loss of hydrogen) when there exists m llie system 
a substrate capable of giving up hydrogen (m tlio presence of a 
suitable catalyst called a dehydrogenase) to a smtaolc hydrogen 
acceptor 

Wicland studied under anaerobic conditions tho oxidation 
of alcohol by bacteria, first to acetaldehyde and then to acetic 
acid, Usmg a qumono as tlie hydrogen acceptor ho obtained ^ 
oxidation of alcohol as complete ns m aerobiosis. These rcsmls 
were particularly striking smeo tho occUc acid (C»H ^ 
not only two hydrogen atoms loss tlian oUiyl alcohol (CjH 0) 
but also one additional oxygen atom, Tho source of tlus oxygen 
in a reaction taking place presumably m tlio absence of oxygen 
was found by "Poland to be duo to tlio sopamtion of hydro^ 
and tlio addiUon of a water molecule Tlie reaction postulated 
volves a hydrogen acceptor (Q) and takes place in two steps 

1 ciu.cn,on + Q cn,cno + QH, 

8 CH.cno + n/) + Q -* aitcoon + QDi 

An example of a substance commonly employed as a hydrogen 
acceptor is methylene blue. This dye, wludi m its oxidized form 
IS blue, by combining witli hydrogen is reduced to its color cs* 
forni (Icucoform) 
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In order to investigate enzymes capable of activating and 
removing hydrogen atoms (dehydrogenases) it is convement to 
meubate homogenates at body temperature and to do tins imder 
stnet absence of oxygen ^^•ltll methylene blue Dccolonzation 
of the dye thus indicates the coiu^ of the reaction, and the 
tune m which dccolonzation takes place is a measure of the 
dehydrogenase activity (Thunberg) 

From such erpenraents new concepts were mtroduced which 
arc of great importance m the mlerprctation of oxidations and 
reductions These mclude the concepts of acceptors and donors 
of hydrogen or of oxygen. Oxygen itself is an example of a 
h} drogen acceptor and the ethyl alcohol in ^^’Iela^d s e.xpenments, 
mentioned above, exemplifies the hydrogen donor 

The concept of cellular ondebons was very much broadened 
when, in 1925 Kcflin rcdisco%ered a pigment which was later 
demonstrated m almost all types of cells, with the exception of 
some anaerobic bacteria Tim pigment, which he called cyto- 
chmiTiA, is an iron compound boimd to a protem molecule (feiro- 
porphyrm) in a form sirmlar to hemoglobin. This substance had 
Cnt been desenbed by Mac Mumi m 1886 m various ammal 
hssues, but due to an imjust and violent criticism of some 
of the most distinguished chemists of tliat tunc, it promptly fell 
into obhnon. KeiUn rediscovered it in the thoranc muscle of the 
w and observed it under the microscope to which a spectroscopic 
o^pter had been added Under these conditions, he observed that 
pigment is present m a reduced or in an oxidized form which 
«icrv\j dificrenccs in absorption bands Smee the reduced cyto- 
chrome showed three distinct absorption bands, Kcilin thought 
hiat there are three different cytochromes, which he designated 
b and c Later studies have demonstrated that the three 
^Fl^^^hromcs possess the followmg absorption bands 


Cytoclirac* a 
Cytochrome b 
Cytochrome c 


6050 A, 4520 A 
5^ A, 5300 A, 4320 A 
5507 A, 5__3 A, 4150 A 


The bands arc those of the reduced cv-tocliromc tlic bands 
ondizcd cytochrome arc not sharp but oxidiicd <n'tochromc 
^ * hands at 5300 A and dOOO A. CKwng to these spectroscopic 
m the cytocliromcs can be observed wiUi tlie microscope 

me luing cclL on ideal circumstance for studying llicir 
oxidation and reduction 

^ the cMochromcs lias different properties C\*tochromc 
Ilr^ ''^th carbon monoxide and svitli the cyanides ('KCN or 
) the latter also inhibit t)ic ferro compounds of cyiochromc 
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end of which is the substrate as a hydrogen donor and molecular 
oxygen at the other end as a hydrogen acceptor Hydrogen moves 
through the senes of reactions low^ oxygen until they combine 
to form water 

The following simplified diagram of the hydrogen path may 
help to follow the respiration cycle 

(ie}i j'drogvouc 

SHbrtx*l»4n an + DP\ — DPN^, 

DPN U + cjlochrome rrductue — » DPN + cytotJirornc mJxreUjeJn 

cjtocfcronw mloctAM^EI -f- cytocfcromr* *-♦ cytodiroa>e rrdocU^e + eytoctnODfi III 
crtochracno oil(U«e 

cytocimwnc*^!! + eytoctrtanf* + HiO 

It IS interesting to pomt out m this ejelo the mtervention of two 
vitamins belonging to the B complex Nicotmic acid amide e 
found m both DPN and TPN and nboflavin (vitamm Bj) in the 
cytochrome reductases Below ne ^vill menbon other instances m 
which vitamins are directly Imbed to enzymes in fundamental 
metabohe processes. 

The described system of oxidations, r«11pH the "Warburg 
K ffilin system, has been most thoroughly studied and seems to be 
the most important one. However some other system may exist 
We know for instance, that rcspirabon cannot be completely 
inhi bited by cyanide and the problom of this residual respire 
bon” IS not yet properly understood The fact that neither the 
flavoprotem enzymes nor cytochrome If are inhibited by cyanide 
may indicate that these could be involved in such ”(^anidc m 
scnsibve respiration 

In the oxidation cycle studied., the end product is water let 
us now consider how carbon dioxide, the other final product of 
cell respiration, is formed- 

Carbon dioxide is mainly derived from the decarboxylation of 
orgamc acidi resulting from the metabolism of carbohydrates or 
hpids and also from ammo acids. For c.xample, pyruvic aad is 
transformed m acetaldehyde and carbon dioxide 

CH cn 

! i 

e o -* n— r o + ro, 

I 

cxion 

Pj mr»c AevtsM^ Ortx* 

nd b}d« dioxide 

This reaction u catalyzed bv tiie enzyme carboxylase, 
w activated by a cocarboxylase containing thiamme (vitarmn oO 
Several bacterial and animal decarboxylases act on ammo acids 
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and are acUralcd bj the coenzyme pjndoxal POh tvhich is a 
denvative of pjTidoxinc (\^tamin 64) 

The prmapal funetjon of oxidative processes is that of 
supplying the organism ^vltll the neccssarv energy to maintain 
its vital actiiTtics This chemical cnergv is tlien converted into 
thermal, mechanical, electrical, or other tvpe of encigr 'N’Nhcn 
OX} gen combmes with hydrogen to form water sixtv-cight kilo- 
caloncs per mol arc liberated. 

H 

If the process of oxidation should consist onl} of this reaction, 
the whole amount of energy would be released at once. This 
15 not the case, however and during the oxidation mxle quanta 
of energy are released in steps This ^vay of liberating cnerg} 
IS more comcment to the cell because cnerg} can be fully utilized 
m the dificrcnt activities of tlie coll onlr ^^hcn supplied in small 
amounts For example, m the synthesis of the cnergs nch 
phosphate bond found m adenosine triphosphate and other com 
pounds, eleven blocaloncs per mol (of the total of sir^-cight) arc 
neecssajy This stored cnerg} can then be released suddcnl} under 
the action of enzymes sudi os adenosine triphosphatase. This re- 
action seems to be of particular importance m muscle contraction 
because m}osin apparcntlN has odenosme Inphosphataso actiMty 
and thus can <Uro<^y split the cnergj nch phosphate bond. As voU 
be mentioned m Chapter XU tins is one of the best examples 
m sshich energetic processes ore duxctl} linked to the molecular 
organitaoon of the colL 
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Chapter XI 

\7SIBLE MANIFESTATIONS OF CELLULAR ACTmTi 

The cliemical changes and transfers of energy wlndi cliamctcnre 
cell metabolism, alUiougli demonstrable by biocliomical nielliods 
(Chapter X), arc gcncrall) ln^'lslble with the hght microscope 
They occur on the level of tlie submicroscopic structure (sec 
Qiaptcr I\0 and imdcr tlic cataljmc influence of tlic intracellular 
cnrjTue sjstems (see Qiaptcr X) 

Cell metabolism maj ncicrthelcss be made endent b} mam 
fcstations of energy cliangc or by structural modifications Tins 
maj be cxcmplifled bj an mtcstinal cell which absorbs fats as 
fatt} acids and gljcerol and later syntliesizcs tliem into neutral 
fats which acaimulatc m the form of minute rcfractilc droplets 
The first t^^•o steps, absorption and sjnUicsis arc insTsiblc, tlio 
last — accumulation — lias a microscopic axprcssion As anoUicr 
e\amplc, tlic hepatic ccU roccncs glucose molecules from tlic 
blood and poljTncnzcs tlicm mlo gljcogcn winch accumulates on 
nucrosomes The aggregates of microsomes arc visible witli tlic 
rnicroscopc. Gland colls bkcwise absorb a senes of substances 
m molecular form w hidi arc tlicn transformed and accumulated m 
granules of secretion whidi arc visible 

In otlicr cases, the liberation of dicmical cnergj is translated 
into motor mantfcstalioru sudi os ameboid or ciliaiy movement, 
or into the production of Iicat, clectncilj light, or otlicr forms 
of cnerg) 

Finall} cell metabolism is made c\^dcnt also b> growth 
dinnon, differentiation and repair of tlic cells 

In tins diapter wc sliall consider some of tliesc microscopic 
manifestations of cellular acll^^tJ Olliers arc presented in pre 
'^ous diaptcrs and m Qiaptcr XII 

Cell Movement 

Cell movement is n monifcslatjon of tlic mcchonicnl rnergv 
° ocll and one of tlic most objective signs of its acliv il\ ^\^lcn 
c observe Uie <lisplnccmonl of o cell in a ti'^suo culture, wc linvc 
imjiression lliot it is nctuallv living iicvcrtholec< vital 
P i^omcna mov occur without nnj opjwrcnl niovcmcnt of the 
nlfl certain cases, cell movement is within the jirolo 

mi and produces no c\tcnor deformation of tlic cell Tins 
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tj-pe of motion wherever found is here called protoplasmic stream 
ing or cyclosis In other cases, the movement is manifested by the 
emission of pseudopods and leads to a true displacement of the 
ceU (araeboidism) Furthermore, movements may occur m 



specially differentiated appendices — ciliary motion or in spccifi 
cytoplasmic fibrillae — muscular motion. 


Cyclosis 

Cytoplasmic streaming or cyclosis is easily o 
numerous plant cells in which the cytoplasm is „uicli 

to a laj cr next to the cellulose wall and to fine 
cross the great central vacuole 118 ) In the penp 
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plasm as u ell as in the trabeculae, continuous currents can be 
seen which displace the chloroplasts and also the cytoplasmic 
granules In the cihated Protozoa — sucli as Paramecium — similar 
but slower movements arc seen, which displace tlic digcsti\e 
vacuoles from the site of ingestion to that of cAcrction In raan^ 
cells of higher animals and particularly m tissue culture sucli 
intracellular movements arc seem In eases where it is difEcult 
to sec them, tlie observation can be facihtatcd bj using a dark 
field condensor or cmcraatography In tins type of raoic 
ment IS mcluded also tlie karjokinetic di\nsion with its complex 
displacement of the cell center and of the chromosomes, tlie 
changes of position of tlie diondnomc, of Uic Golgi apparatus and 
of the nucleus 

The classical cx’pcnmental work on (^closis has utihzcd plant 
cells hltlo work has been done woUi animal cells In some plant 
cells the protoplasmic current is initiated under tlie influence of 
a chemical stimulus {chcmodyTiesis) or bj light {photody'ncsis) 
It has been obsen cd that Uic extracts of cells m a state of cjxlosis 
arc capable of miUating the movements in cells in repose. Accord 
•ng to Fitting this action probablj is due to tlie presence of ammo 
acids of the typo ol histidmc, 

C}xlosis IS modified by temperature and shows a maxiroum 
acuntj at some optimal temperature. All of tlie normal or 
pathological processes which increase cell metabolism also m 
crease the protoplasmic mo\cmcnt Mcchamcal injuries or elec 
tncal shock maj stop cjclosis It is also modified by the action 
of ions alcohol, or b^ changes in pH Tins mo\Tmcnt can con 
tmuo m the absence of oxygen Some auxins (plant liormoncs) 
the \clocil} of cjclosis when tlicj act in small concentra 
lions In general, all of tlie factors winch decrease cell viscosilj 
Jnerease tlie \clocit} of tlie protoplasmic current, and vice xersa 
(See Qiaptcr m ) 

It IS evident tliat xnscosily is one of tlio most important factors 
"hicli intervene in llic inlimalc mechanism of cjclosis, since tlie 
P^toplasmic colloid maj pass b} rcxcrsiblc sol sn gel cliangcs 
™ni 0 liquid or almost liquid state to one which is almost sobd 
* excrlhcless, the propulswc force of tlie moxement is not well 
lnn\vn. 


^«boid Movement 

trtoicnu nt is a \crv common mechanical manifesta 
^ in animal cells '\Mnlc m cixlosis the protoplasmic com 
pn^nts are iimpU displaced without anx deformation of the coll 
^ thii case actual deformation occurs Tlie cell actixclx cliangcs 
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shape, sending forth cytoplasmic prolongations called psendo- 
podia into which the protoplasm flows This phenomenon leads to 
a special form of locomotion called ameboid because it finds a veiy 
definite expression in the amebae. This type of motion is observed, 
nevertheless, m numerous type* of cells. One need only place 
a drop of blood between a slide and a coverglass, avoidmg diymg, 
and mamtaining a proper temperature, to see that the leucocytes, 
at first spheroidal, change then* form, emit pscudopodia and move 
about In tissue cultures all of the explanted elements, wfaetha 
they are mesenchymal, endothebal, epithelial, and so on, may 
free themselves from the rest of the tissue and move out actively 
fomung the vnne of growth (Fig 11) 



Sheath 

Fig, 119 Structure of cn ameba, after a diagniD fiom Mart. CV coctractS* 
Tacuale} FV food Tvcooles. 


In many of these cases, the cells must undergo a previous 
modiCcatioii, a process of dediffcrcntiatioii,” m order to acquire 
this active ameboid form, This is what happens in the cpitheha 
when the tonofibnls uniting the cells disappear by a process of 
localized superficial liquefaction. These transformalioiis also 
occur m vivo For example, in epithelial repair the cells free them- 
selves and shde along actively to ward the depth of the 
In an mflaminatory process, Icucocjics wander out of the blood 
vessels (diapcdesis) by active ameboid motion and progress toward 
the focus of infection 

The ameba is the ideal matenal for the observation of this 
type of motion. As shown by the classical studies of Mast, 
protoplasm of the ameba has a clear ectoplasm, without visible 
structure, which expands considerably toward the end of the 
pseudopod (hyaline cap) and a granular endoplasm which 
sUtutes the greater part of its mass In the endoplasm this author 
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distinguishes luo parts a penphcral part (plnsraagcl) whicli is 
immobile, and a central part (plasraasol) N\hich flovrs along as 
the ameba progresses The plasmagel is lacking at the adiancing 
pole of the ameba or is reduced to a \ cry delicate laj cr so that tlie 
whole maj be compared to a sac open antcnorl} (Fig 119) Under 
these conditions tlie internal endoplasm (plasmasol) flows into 
the pscudopod and is followed by the rest of tlie protoplasm 
(Fig 120) 



•’Win pieodopod theming the even butgiog contour of the gruiul r gel J«>cr 2 
tip, 40 teccodi Uter The thin gel Ujer bet dumtegrated and granules are 
tdlinn the cap. J Same tip, 20 tecoodt Uter Gelation of the periphery of the 
J 't the formation of a new b>alme cap. 4 Same tip 30 

W^r Retraction of the pteudopod and irregoJar hjthce cap (Courteiy of 

and the lorva State College Prc« In “Structure of rrotopUim," 191—) 

In Icucocj-tes there is on anterior |>scudopodiol zone winch 
1 $ highly mobile and consists of plasmasol while tlie postenor 
(m rololion to tlie direction of mo\cmcnl) is rigid and in llic 
pel stole. During locomotion the lotcnil part of tlie anterior 
p n^asol gclotcs and liccomcs immobilized (Do Brjiin) 

tne speed of progression vTincs among different nnicbac bo- 
'‘'‘CfTi 0 5 and 4 G p per second In Uic neutrophil Icucocvtcs it 
spproximateU 0 58 p per second Tins speed is modified b} 
^ oction of temperature and otlicr factors in llic cntironmcnL 
ovjgcn docs not stop iJie mo\omrnL but slows it Tlie 
of calcium is ncccssaiy for tins tj'pc of locomotion If 
nicba 1 $ placed in the presence of a sulistnncc wlnrli e\imrts 
‘^ttim (such as on oxalate) tlic motion is stopped (Panlin) 
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The potassium ion has an action antagonistic to that of the 
calcium ion A severe mcdiomcal injury an electrical shock, 
or the action of ultraviolet radiation, will coll forth a rigid re- 
traction of tlio pscudopodia and the cell acquire a spheroidal 
form 

The analysis of the physicocliomical conditions which modify 
ameboid motion, the use of rmcromanipulalion and particularly 
studies in colloidal cliemislry of protoplasm liave forwarded 
mtcrprctation of the racclianism of this motion Early theories 
attempted to explain it on tlic basis of tlic general contractihty 
of protoplasm, Tlien for some lime it was supposed that the 
formation of the pscudopodia was duo essentially to a localized 
decrease in tlic surface tension of the cytoplasm at tlie mterphase 
This tlicory was based partiailorly on model experiments, some of 
them earned out witli drops of oil or of mercury wlucli, when 
subjected to tlic influence of agents wlucli lower surface tension 
at a cortam pomt, assumed forms similar to those seen during 
ameboid motion 

At the present time the explanation based upon physico- 
chemical modifications of Uio protoplasmic colloid (solabon 
gelation) acquires more importance. The formation of pscudopodia 
15 supposed to be due to a locahzcd superfiaal liquefaction, fol 
lowed by a flowing of a current of endoplasm into its mtenor 
(Rhumber) 

It IS interesting to recall tliot in tlic course of coll division 
similar phenomena occur There is a temporary dcdifforcntifltion 
of the cell with a loss of its structural characteristics and at the 
same time an omission of small pscudopodia from its smface, 
just as m ameboid motion. 

Tbe catucf of tht* thlxotroiuc are not explained Some antlion bare fop- 

portad tbe idea that tba aoUtion oc oi mng at tfae pomt of the paeudt^wd li doe to an 
nddificatiop of tbe mednim, bat h ba* not been pocnble to cooflnii thia. It alao bai been 
•apposed that tbe placma^ of tbe ameba ii liquefied by ageatJ which extras 
caldam (Hailbruun) In tbe amebocitea of tbe mrartebratef it hat be« fwtsd 
that in tbe tbixotxtipic tranifonnetiaai which cbaractenxe* ameboid motwci, 
•olthydryl Sttaipa (SH) are liberated and will gira the poajtlre Hopkini mtropnanda 
reaction. A* «hit occur* also m the course of protein dentturatiat, h has bc«P 
soggeated that a fimilar phenomenon tabea place in ameboid actlrlty (Frare- 
Frannet) nus partial denatoratiCK] would bring with it a change in tbe boo^f 
bet wee n tbe colloidal trucelJes and tba dispemng water and, tbarafore, a liqoefacw*i 
of the protoplatmic geL 

Present thconcs of ameboid movement arc based on tlio 
modem knowledge of submicroscopic stnicturo of protoplasm (soo 
Chapter IV) and particularly on tho consideration tliat there 
IS m it a network of polypeptide cliains held together by different 
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kinds of cross linkages (Van der 'Waal s forces, h\'drogen bonds 
or stronger Iwnds) Qianges in such forces and in tlic degree of 
folding or Icnglli of tlic ciiains maj cause sol ♦=; gel transforma 
lions in a locabzcd region of tlic protoplasm In such a sjstcm 
protoplasmic contraction might occur citlier b\ a rearrangement 
of tlic sidc-cliam connections resulting in a narrouing of tlic 
meshes of tlic molecular reticulum, or bj a folding of tlio prolcm 
cliams"’ (Dc Bo'un) 

Anotlicr important factor in ameboid motion is adhesion to a 
solid support An omeba v>.lucli floats frccU in tlic liquid medium 
can emit pscudopodio, but does not progress onlj when it 
adheres to a solid surface docs it commence tins t}'pc of locomotion 
In tissue cultures tlic nbers of the coagulum serve for tlic support 
of tiic ameboid cells ui conncclixc tissue tlic collagenous or 
reticular fibers scr\c tins piuposc 

Substances uhidi influence Uic motion bj attracting or re- 
pelling tlic colls should bo placed among tlic factors dctcmimmg 
omcboid motion Tins properlv uhicli is called clicmotavis, ha« 
great importance m the defense mcclianisms of tlic organism and 
cspcciall} in mflammotion 

Gliory Movement 

In contrast to omcboid moicmcnt ^vbldl takes place upon 
n solid substrate and imoUcs a deformation or diongc m shape 
of ilic entire protoplast, ciliary mmement is adapted to a liquid 
medium and is ONcented bj minute spcciolU difTcrcntiatcd ap- 
pendices TIicsc arc contractile filaments, ^n^ablc m size and 
number called flagella if llicj arc fc^^ and long ciha if short and 
nnnicrous Bol^^ecn iJic tuo extremes Uicrc arc inlcrmcdiate 
forms but in all cases tlic mode of implontoUon and llie osscnUal 
diarnctcnslics ore similar 

Tliese motile prolongations ore rclnli\cl\ common throughout 
tlie zoological scale and also ore found in some plant cells In 
the Protozoa, and espocialU in tlic Infnsonn llicrc arc hundreds 
or thou^yinds of minute cilia for cadi cell and their mosemrnt 
jKvnnts a rapid rotation and progression of the animal in tlic 
liquid medium In vimc special regions of thc<c Infuvinn various 
cilia fmc and form larger conical appendices the am or mem 
branch known ns undulating nirnihrnnrs Although the mor 
phningv of tlie<c appendices is «ome\vh u diffcrciiL the functional 
siimifiranre is similar to that of the cilia and flagella 

Man^ liactem hove flagella In Pnito/oa one entire class, 
Uie nogellata, is clnractenzed h\ the presence of ibe^e ajijK'ndices 
Among the Metazoa the siiermalozoa liavc llio jirojicrtj of pro- 
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gression as isolated cells using flagella On the other hand, it is 
relatively common to find epithcbal cells which possess vibratile 
aha and constitirto true elated sheets These at times cover 
large areas of the external surface of the body and dctcmunc the 
motion of the entire animaL Such is the case ivith some of the 
Platyhelminthes and Ncracrtinca and also with tlio larvae of the 
Echinodennata, MoUusca and Annchda More often the abated 
epithelial sheets line cavities or mtcmal tubes of the raulU 
c ellular nrumals, such as the air passages of tlio respiratory system 
or various parts of the gemtal tract In these organs the movement 



Fi^ 121 CjUndrkal epitlieUal celli with TibrttilB rain Iront the biunen oridnet 
Iron benutox^Uii. 

of all of the aba is orientated m a single direction, thus causing 
fluid currents destined to obmmetc, as seen m the respiratory 
system, sobd particles m suspension which might cause damage 
to the organism, or to move along immobile cells A good example 
IS that of the egg of the amphibia or of mammals which traverses 
the whole course of the oviduct dnvon with the aid of vibratilc 
aha In some cpithehol cells tlicrc is a smgle central flagellum 
m coimection ^vlth tlie cell center A typical ohated cell is 
generally prismatic and the aba arc implanted along the free 
surface. In fixed and stained sections they appear as short hairliko 
appendices, the implantation of which in the cell is relatively 
complex Ii3 general, each glniTn passes across a thick cuticle, 
which IS a differentiation of the membrane, and ends in a 
imnute granule called the basal granule (Fig 121) In some cases, 
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coming out from the basal granule and situated in a ros\ beneath 
the cubcle, thrm arise fine fibnllac, tlic roots o/ the ciIicl, which 
converge into a conical bundle, the pomlcd end of whicli tenm 
nates at one side of the nucleus 

The significance of the basal granules has been the subject 
of mucli discussion^ Thc]^ often have been considered as derivatives 
of tlic ccntnole (Chapter V) (tlicory of MeicsHcnnegj and 
Ldnhossck) and this seems to bo true m some cases, as for example, 
m the cells ivhicli hnc the bdney tubules of salamanders or the 
scmmal icsiclcs of man All of tlicse cells shov\ a long cihuin im 
planted on a true but superficial ccntnolc. Another example is the 
Dagolla of the spermatozoa which arc derived from the ccntrosomic 
apparatus Nevertheless, it appears certain in otlicr cases that the 
basal granules have no relation whatc\cr to the cell center In 
tlic cpilhcha of the invertebrates the vibrablc ciha maj lack 
basal granules. 

In Y*riout epithriU ibtrr tpptncbea pmaar in larm to cili*. but umeobile, 
■nd called tlrrfoctl a. ExmttpIct the preloopnUom of the rpithelial ceUl of the 
erddidymi* isbxh t<*«n to Intmeo* in the elimmuioo of the cellular Kcretion, 
or the netd ClawDU of the celU of the macula and rmu of the mtenul ear nhich 
•erre as receptort of ttusoli and tranr m it them to the celU. 

Cilia and flagella are extremeU delicate filaments whose 
tlnckncss is often at the hmit of the rcsohing power of the 
microscope and, for tins reason, Uic> generally show no internal 
structure. Some flagella ncicrthclcss, os m Uic case of the tails 
of the spermatozoa liavc on axial filoment and a peripheral 
sheath. 

Rccontl> a considerable ods*oncc has been made in the slud> 
of the ultraslructurc of the ciUa and flagella Tlio most important 
result of these mvcsligouons has been the assigning to Uicm 
of a structure somewhat similar to Uial of muscle fibnlloc ^\^tll 
polarization optics (Cliaptcr tlic cilm and Uic flagella show 
o posilue intrinsic and form buxfnngcncc, which leads to the 
belief that thc\ arc composed of submicro<copic fibnllac oncniatcd 
olong tlic IcngOi of the axis (W J Schmidt) Direct evidences of 
Uus ullrastruclure have been obtoined with tlic electron micro- 
^opo In the lads of spermatozoa in flagcllQ and in ^^b^atdo cdia, 
^ubmicnxcopic fibnllac arc found which arc uniform m number 
for cacli caMj and between 250 and GOO A thick m tlie normal slate 
tbese fdinllic are firmlv bound togotlicr to form bundles (SclimilL 
Hall and Jilus) (Fig 123) It is on intcrcstinc fact that in tads of 
llic spermatozoa tbo numlw'r of fibnllne is rclati\rl\ constanL 
\amng between nine and twelve In Uic sjKirmatozoo of mammals 
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the bundle of Cbnllae is surrounded by a sheath which contains 
a hehcal fibnlla 

An analysis of ahary movement can be made easily by 
scrapmg with a spatula the epithehum of tlie pharynx of the frog 
or toad and placing the scrapmgs m a drop of physiological salt 
solution, between a slide and covcrglass On the free surface of the 
epithelial cell the vabratilo ciha will be seen m very rapid motion. 
If a row of cilia which arc m process of contraction is observed it 
is seen that the contraction is metacliromc in the plane of the 
direction of motion, that is, it is initiated before or after that 
m the next cilium, in such a manner that m the over all picture 
true waves of contraction are formed. (Fig 122 ) 


A B 



FIf. 123. Diagram of cQiuy morcmaii To faciUtBU compaHaao, the Tvions 
r«gk)ni of the cllit hare been marked mth letlan. The diflcreat ftage* in morement 
are indicated by muneralj (From Kinocha and Kamada ) 


On tlio other hand, in a row perpendicular to the direction 
of motion, the contraction is isochronic all of the aha are foimd 
m the same phase of contraction at a given time. This coordination 
of gbaiy mo>eraent imphcs the existence of a mechanism of 
regulation, tho nature of which is unknown. TIus mechanism of 
regulation evidently docs not depend upon the nervous system, 
smeo It persists even after tho separation of the epithehum from 
the rest of the organism However for its mamtcnancc tlie exist 
enco of a cytoplasmic contmmty is mdispcnsablc, smeo if a cut is 
made lu the row of cilio tho waves of contraction of tho two 
isolated pieces do not coordinate their movements. Tho direction 
of the effective ahary beat appears to bo a fixed characteristic 
which depends also upon tho imdcrlyuig cytoplasm If a piece 
of epithelium is removed from tlie pharynx of a frog and is ira 
planted with reversed orientation, tho movement is retained but 
m a direction opposite to that on the romaming intact epithehum 
The contractions of the aba arc generally very rapid (10 to 
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17 per second m tlic plioiynx of tlic frog) for wlncli reason lhc> 
ore difTiailt to fnlloM under tlic microscope, Analj-sis of the move- 
ment has been facilitated greath h\ ultranipid cmcmatomicrog 
raphj \\hich permits one to foUoM Uic various pha^ in the 
contraction of a ciluim and to calculate the duration of each 
ejele (Fig 122) 

Olury roonTwnl prt»mU T»r3lni: char»cttmlks In difTermt celli tnd, m 
Tn»r be reinlalouv unatonn (booU be) inlaiKUbuUform, or undultat. The 
Tint two ere cerned out la ■ jrafte ftluie. 1 q the penduloci morement, typical ol 
the oUaled Protcao*, the ahum u npd md the motion ii earned out b a Oexxtn 
t lU b-ne on the other hoTKl, ro the urtrifonn romement, the mort common tjrpe in 
the Metaroa, the cilnim upon cootraction h doubted aird late* on the form of a 
booh. In the mJund buUform mmentent, the ohum or ftapellum rotate^ parnuR 
ihroufi three rnirtuallr perpendictilar piano ro fpoce deicribrnR a conical or 
funnel (haped fpire In the cndalact motion, chancteruttc of the Daf^lla and 
membranei, there are wa\e« of coniraclion which proceed from the iite of implanta 
lion and pan to the free border 



I ft 121 Hectron rmcroeraph of a alium from P rairtec m thadow-cart with 
(hrrmiium yll,f)00 (Courini f ^L Jalw amt C C. Hall, and of Diolojnc 1 flutlrtm 
/• ( ) HI 19 W) 

Tlic inlimntc mechanism of cilinrv contraction is not knowm 
nlUinugh vonnus tlicones have licon odvTincctl for Us intcrprcla 
tinn One of the oldest of these pnijio«es tlic CMstciico of fluid 
auTrnts which pass ollematch from the cell to the cihiim and 
vice versa According to tins ihcorv cilin ns well os fbgcllo arc 
repanlotl ns hollow tulies m vvhirli the cell flind could flow in a 
rlivnlimicvl mnnner A more recent theorv nlso cvplnins tlie 
nioelmnism of ciliarv movements on the Ikisis of chnngos in water 
ninirnt Inii with a different phvsicocheminl foundation Tlic 
l"o sult^ of n cihum are lielievetl to differ in their caparitv to 
nlKorh water in such n w iv tlinl the nirrrise in the numlier of 
water molecules on niu side would cause the cihum to airve 
to^\^^^ theopjKisUe side (Gmv) 
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This theory docs not interpret satisfactorily the cases of 
rev er sibility of the ciliary boat which, although rare, do exist in 
nature. This phenomenon impbos that such a difference in hydro* 
phiha could bo reversed. 

Modem studies on tlic ultrastructure of the aha and flagoUa, 
by demonstrating m them tlie existence of submicroscopic fibnllae 
arranged m bundles, place the interpretation of the mechanism 
of the ciliary beat on a coraplotdy different basis, smee tho motion 
toward one side or tlic otlicr would depend upon imoqual con 
traction of the submicroscopic fibnllae On tlic other hand, these 
conclusions tend to horaologizo the structure of tlio ciha and 
flagella ivith that of tlio myofibnllae of tlio muscle cells, whidi 
would lead us to suppose Uiat tho meclinnism of contraction is 
similar m the two cases The consideration of tlic modem thoones 
of muscular contraction is beyond the scope of tho book, ivo shall 
say only that tlicy are based on the submicroscopic configuration 
of the micelles of actorajosin whicli make up tlic mj^ifibnlla, and 
on tho possibihty that tius configuration cliangcs at each contrac 
bon (sec Chapter XT!) 

VISIBLE /AANIFESTATIONS OF THE NUTRfTlON OF THE CELL 

Phagocytosis 

Most cells, free or m tissues, receive their food m a state of 
solution. In the complex Metazoa substances arc digested bj 
enzymes in tho mtonor of tlio digestive tube and, after absorption, 
pass to tho internal fluids where tlicy possess molecular dimcn 
fions Tho passage of these molecules of food across tlio plasma 
membrane is invisible with the optical microscope and has been 
discussed in Chapter VI, under the more general subject of coll 
permeabihty In some cases, nevertheless, cells may actively m 
gest rather large, solid particles, and then tho process of penotra 
bon generally is visible with the microscope. 

This latter ocbvity which is called phagocytosis (Gr Pliagcin 
to eat) is found m a great number of Protozoa and among certain 
cells of the Metazoa but, in tho latter ratlier than being a 
phenomenon of nutnbon, it is, in general, a means of defense 
which permits tho ingcsbon of bodies which are foreign to tlic 
organism, such as bacteria, dust particles and venous colloids 
In some cases pliagocytosis serves also for tlic rcabsorpbon of 
portions of an organism which are in tho process of degenorabon 
(for example, m tho process of disappearance of the tail of the 
larvae of amphibia m the court© of metamorphosis, or m the 
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dostruction of cellular elements which must be continually re- 
newed, os IS tile ease witli llic red blood corpuscles m tlic spleen) 

Among the mammals tins property of phagocj'tosis is found 
very highlj dc\ eloped m tlic granular leucocytes and also in the 
cells of mesoblastic origin whicli ordinanh arc grouped imdcr the 
common term of the ntacroplta^c system (Mctsdmikoff) or 
rcticidchcndothclial system (A^hoff) The cells bclongmg to this 
group include tlic histiocytes of llic connective tissue, the reticular 
cells of llie hematopoietic organs (bone marrow lymph nodes, 
spleen) and those endothelial cells whicli line the capiUarv smu 
soids of tlic liver tlic adrenal gland and tlic hv'pophyrsis All of 
these cells can ingest not onl\ bactena, protozoa and cell debns, 
but also smaller particles of colloidal nature In tlie latter ease, 
phagocytosis receives tlic name of ultrapfiagoc^'tosis or col 
loidopcx^ ^^^lcn tlic absorbed colloid is a chromogen tlie propcrls 
receives also Uio name chromopexy An cvamplc of chromopexv 
IS tliccapacitv which tlie mesoblastic cells have to ingest and store 
vital d^cs of a colloidal nature. 

Tliosc v*anous aspects of phagocytosis which include tlic m 
gcstion of particles of widely mmng sizes ore distinct from tlie 
phenomena of permeability by means of whicli Uio cells absorb 
substances in solution 

Among tlic Protozoa phogocvtosis is intimolclv linked to 
ameboid motion Tlic amclwc ingest largo particles, includmg 
micro-organisms, surrounding tlicm with llicir pseudopodin to 
form 0 food vnaiolc witlun which tlic digestion of llic food lakes 
place later Nevertheless, small particles may be ingested witli 
out live formation of vacuoles In the Icucocvtes and oilier phago- 
cytic cells of multicellular animals Uic act of phagocytosis in 
some ca‘ics is not linked to amclioid motion and may be earned 
out even bv completely immobile cells 

Phagocvtosis has n great importance in paUiolog\ ns a general 
mechanism for defense of the organism, and this aspect is dealt 
\mUi cxtcnsuclv in tc\il>ooks on micmhiologv and general pa 
lliologv Herr we shall refer more partiailnrlv to tlie cvtologicnl 
and phviicochemical aspects of this fuiiclion of the cell 

In nmlvzmg the process of plngocvtosis one mav distin 
push two distinct phenomena Tlic first is that of ndltesion or 
adsorption of the pirlirle to the nmvs of the pmtoplnsni and Uie 
second IS the jienetritinn proper of the partirlc into the intenor 
of tlie cell In some rises it Ins liorii possible In tlissonate these 
two pliases of plwpoevtmis Tims nt low temperature Kirlrnn 
mav odlirre to the rvtoplism of the leurocvtes without liemg 
ingestfil Tlie pliase of ndsoqition whirh is comparable to a 
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process of agglutination, seems to obey physicochemical factors, 
such as electrostatic charges on the surface, but it is also htely 
that phenomena of chemical affimty may taic part m it Tlie m 
gestion of the particle may be considci^ os the result of the 
extension of tlie supcrfmal cytoplasm or ectoplasm upon the 
mtcrface (Faur^Frcmiot) The macrophages, for example, put 
out hyalme lamellar psoudopodia wluch adhere to and extend 
over the surface of the particle until it is completely surrounded 
Those pseudopodia usually are very delicate and generally reach 
a thictaiess of only 0 25 p In tlie extension of tlicsc prolongations, 
surface tension forces and a certam aflinity between the proto- 
plasm and the particle mtervene, comparable to what occurs 
when a liquid wets and extends over a sohd surface. In Chapter 
in we mentioned the important role which the forces of surface 
tension may play m the cxpcnmcnlal penetration of Iipoid 
droplets mto the cytoplasm 

In ultraphagocytosis or ingestion of particles of submicro- 
scopic dimensions similar phenomena intervene but others, of a 
more complex nature, may also lake part here. Among them arc 
the electrical diargc of the particles, the degree of dispersion of 
the colloid and the manner of introduction Macrophages ac 
cumulate the aad vital dyes, sucli as pyrrole blue, trypan blue 
and litluum carmine, wluch liavc negative diarges, and other 
negatively diargod colloidal substances sudi as colloidal silver 
iron sacdiarato and mdia inJc (Sdiulcraan and Evans) Tlio de- 
gree of dispersion of tlie substance, whidi depends upon tlie sixc 
of tlie partide (v Mollcndorfl) also plays an important role. 
The vital acid djes liavc ver^ small particle site and consequently 
a great po^vc^ of diffusion Noicrfficlcss, m order to bo ultra 
phagocytired, tlicy must be previously attached to a protein, 
wluch acts as a \cctor If an animal is injected with a vital dye 
of the typo mentioned above, or with a negatively charged colloid, 
all of the colls of the raacrophogic system accumulate it m a 
progressi\e manner If the process is followed m vivo it is seen 
that these substances arc deposited at first m the form of very 
small granules wludi progressively mercaso m size until they 
constitute true mtraccUular precipitates The fundamental char 
actenstic of tlus system is that it accumulates and concentrates 
these dyes and colloids, even wlicn they arc odmmislercd m very 
dilute solutions With massive injections, other cells not belong 
mg to this system can also ingest such substances In Qiaptor V 
\vo mentioned tlie relation which exists botw’ccn the Golgi ap- 
paratus and the accumulation of tlicse ultraphagocy^zcd sub 
stances 
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Inclusions or Paraplasm (Gr Pora at one side) 

^^^lcn ftxKlslufTs penetrate m solid form (phngootosis) tlicv 
niQj be digested b} mtracellulnr cii7\Tncs until thc\ ranch a state 
of soluUon Under llicsc conditions the\ ore gencrallj used b} tlie 
protoplast as a source of energy or m the SMithesis of its onnti sub- 
stance, but m certain cases thej lTln^ accumulate and constitute 
parts \'isiblc b> cjdological and histochcmicnl metliods Tlicse 
resene substances arc grouped under Uic generic term of cellular 
inclusions or paraplasm Tlic} do not have a composition identical 



riB l'’t GotJrt cell from thr int«t»ne ol Ambtjrtoma Tb? other celU them ■ Ter7 
Jefin I lirwtoj borJer Inwi hrm'jto \Iin 

to that of the food ingc<t«! In the cell<e since thej undergo n 
certain degree of trniisfonnntion Nc\crthele<'i, thc\ should l>e 
cnn'Hlrrctl os n rclatncU inert material nxninjiles of this U^pc 
nf paraplasm are gh mgen and the drajdets of f u m nnnml cells 
In other cn<es |urnplnMn is n prixlurt of cell actiMl\ sslnrli 
nrnimulntes in the cell to l>e cxcretnl to llie outride later or to l>e 
met! h\ other rv\h Surlu for example are the droplels of 
murinopm of the inurijMroin cell dig 12U <»r the <ecretion 
granules of the MTrrlnn, cells fPig 12 >) 

I imlU mun priHe^^cs tii the ntnlMih m of tlie cell inov 
m mih'-vl them el\es m the nrcuimil ilu n < f im rt sulist inri*s surli 
as rrvsnU niul pigments nhirh iii in in\ r in tgns <»f a titi 
< f s/ inht\ rr I f <!eg« neratioii of th ci 11 
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Tlic anal>’si3 of the nature and significance of all of the 
cell products may be considered as paraplasm lies beyond 

tlie limits of tills book, we shall refer hero only to some common 
characteristics of all of them and shall mention tlie most im 
portant of such substances m animal colls 

From the cy^omorphological point of view, paraplasm can as- 
sume cxtremclj varied forms and localizations In some cases 
It may be a diffuse homogeneous substance in the cytoplasm, 
demonstrable only by histochemical methods (Fig 16) In others, 
there arc minute cavities called vacuoles which have contents 



Fig. 125 CaUs of the paocroeUc Tlie apical part of tlie calls u occajied 
bj- Domeroui graoale* of rymngtm. In du Imsc are the tnicin ntli nucleoli and, 
in the (Ttoplasm, elongated chcmdnoaaoie*- Fuatioa Onaiapj Stamt Altmaims 
fachim. 


more hqmd tlian tlic rest of tlie cytoplasm and whicli are sepa 
rated from the latter by a membrane with characteristics of 
structure and pcrmeabihty similar to the plasma membrane Such 
vacuoles are >cry common in plant cells and also in many Proto- 
zoa In animal cells tliey arc relatively rare. Anotlier type of para 
plasm IS represented by the droplets of fat whidi have a spherical 
form and arc sharply delimited from the rest of the cytoplasm 
uath ^^hlch tliey are not miscible (Fig 38) Tliesc droplets 
generally arc hquid at body temperature. There may also bo ac 
cumulations of a spherical form and ^vltl^ a consistency greater 
tlian tliat of the remammg cy'loplasra Such are tlic granules of 
zymogen of the cells of serous secretion (Fig 125) tlic granules 
of muemogen of tlie muciparous cells (Fig 124) or tlie granules 
of pigment Finally tlicrc may be mclusions nhicli arc com 
plotely solid, either amorphous or crj’Stalhnc Tins type is rare m 
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animal cells but mucli more common in plant cells (such as 
calnum oxalntr) 

Tlie chemical composi/ion of Uie paraplasm is cxtrcmclj 
\'anablc and predominating siibslanccs ma-\ be proteins, fats, 
carbohydrates, or mmcrals 

Protein inclusions arc relatively rare, as usuaUy tlicsc sub- 
stances arc incorporated into the protoplasmic mass Tins lack 
of separate accumulations of proteins in tlic cells raises tlic prob- 
lem of Uic rcscr\cs of sucli substances m tlic organism. As s^c sliall 
sec later tJicrc arc numerous reserves of carbolu'dralcs and of 
fats m tile various tissues in the form of paraplasm wliicli can 
be utilized when ncccssan AIucli of tlic reserve protem is con 
tamed in tlic protoplasm itself ^^^lcn there is a dietarv dcficicncv 
proteins arc extracted from vanous tissues and cspccialK from the 
skeletal muscles which function os true reservoirs of proteins 
Ncvcrtlicless- in the hepatic cells, granules or irregular Oakes of a 
substance of protein nature raav be ol><crvcd ^olk bodies also 
contain proteins In rare cases tJicrc ma\ be oWrvcd crystals of 
protein nature in tlic cvtoplasm or in Uic nucleus Fiirllumiorc, 
manv secretion granules, such as 7\*mogcn (Figs 61 and 63) 
arc of protein nature 

Among tlic proteins which max constitute cell inclusions tlic 
miicoprotcms have considerable hislocbemical inlcresL Tlicso arc 
protein complexes winch \icld upon hxdrolvsis a protein, a hexos 
ammo polvsacchandc and, m main cn<cs- mlfunc and llius 
licing made up of a sulfunc ester of polvsacchondc It has been 
found ncvertlicless. that m some tissues such os tlic vntreous bod\ 
and al«o m llio svnoviol Iliud. thcsulfimc acid is locking (Mc\cr) 
llistodicmicallv tlusc compounds sliovx intense ha^ojihiho dem 
onstrahle even m very dilute solutions and metachromosia which 
is evident w itli lluazine dves sucli ns toluidme blue and mctlivlcnc 
Idiio In llic colls where inclusions of mucojirolcms occur os for 
example lho<^ of mucous accretion, Uie basophilic Icncocvtcs and 
tile mast cells such inclusions, instead of l>emg stained hv die 
ordinarv color of the dv c, assume a re<l \ lolei tint l inclacliromatic 
reaction) Tliere are also other sulistonccs. of an intercellular 
nature sucli ns tlic matnx of cartilage tendons and the cornea, 
and Uie gelatinous sulisLince of the umbilical coni which lake 
a similar stain 

Tins rraclmn is o selective that il can lie olrservrtl even wiUi 
a dilution of the stain of 1 2 jO 000 In greitrr ililulions tlio com 
pounds winch contain mucoitin sulfunc acul (sjirh as the cells of 
mucous socTclun) are not smned while thoso which Imve 
chondruilin sulfunc acid (cartilage conneclivr ti sue) show an 
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intense affinity (Hempclmann) According to Michaelis and 
Granick, metachromasia depends on the formation of dimcnc and 
polymeric molecular aggregates of dye upon these compoimds. 
The same basic dyes when actmg upon nucleic aad do not form 
polymers In this case each cation of tlie dye combmes with one 
acidic side cham of the nucleic acid to form a stoichciomotncally 



Fif 126. KIgOron tmerognph of Kidnmi hjmlartButg (badowed witli chromliim 

(dcKTipdan m tb« t«it) X25.00(L (Coortesy of J Gron ) 

The mucoprotcins of the epithchol colls are generally very 
labile compounds which easily swell and dissolve m water The 
best method to preserve them is tlie frcczing'drymg technique 
with which tlie muemogen granules can be seen With cliemical 
fixation the muemogen granules usually swell and coalesce to 
form what is called mucus By means of a mild hydrolysis of tlie 
mucoprotcins they may be caused to hberate the carbohydrate 
fraction, which gives a positive SchifTs reaction for aldehydes. 
These and other tests have boon utilized histochemically to char 
actenze the mucoprotcins (see Dempsey and Wislocki) 

Lately considerable importance lias been attributed to tlie 
study of aad polysaccharides, particularly hyaluromc aad and 
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cliondroiUn sulXunc aad, %vlncli arc found in the ground sub- 
stance of connective tissue. Tlic molecular vroight of hj'aluronic 
aad IS estimated to range belw'cen 200 000 and 500 000 In solu 
tion It produces a verj \'iscou5 gel even at lou concentrations and 
shoe's positi\c double refraction of flou Electron microscope 
studies of hj*aluronic aad show long branclimg and anastomosing 
fibrous processes of 50 to 200 A m svidth (Eig 126) This com 
pound IS readily dcpolj*mcnzcd bj an cnzjTnc, hjaluronidasc. 
resulting m a rapid drop in \TscosUy and streaming birefringence 
of tile solution and in marked increase m tlic pcrmcabilitj of con 
necti\*c tissue in Uic Inking animal (Duran Rc^T^QIs) Tlicsc 
phenomena arc apparcntlj imoUod in bacterial im*asi\cnc5s in 
tlic fertilization of tlic egg and m other physiological and patlio 
logical processes 

Fat mclusiotis arc frequently found in ^‘a^ous tyqics of cells 
(Figs 12 and 38) Tlic major reserve for tlic organism is repre- 
^ted by tlic adipose tissue, Uic cells of wlncli can acaimulato 
large quantities of lipids and cspccinlU of neutral fats A largo 
central droplet is formed \\hicli pushes Uic nucleus and Uic c\*to 
plasm far out toward Uic cell membrane Tlic cells of Uic adrenal 
cortex also contain considerable quonUlics of lipids, but in Uiis 
ease in Uic form of numerous small droplets wliicli contain com 
plox mixtures of sterols, fatty acids and pliospholipjds 

Droplets of fat can be demonstrated by means of osmic aad 
whidi stams tlicm black. This rcoclion is not specific, Stauimg 
iviUi Sudan III or scarlet red has o greater histoclicmical value 
These stains net by a simple process of diffusion and solubility 
and in Uus way arc accumololcd m Uie interior of Uio hpid 
droplets Recently Uic use of Sudan block B another slam of 
the same senes, has been initialed Tins stain has Uic advantage 
of being dissohcd in lipids sudi os Uic phospholipids and dio- 
Icstcrol, and of prodiiang Uic greater contrast of Uicsc itructurcs 
(Baler) 

Abtiirptioa of f«U ty ihe celli of Ui€ IntMtmo and p'frfupt by othtr Cflli of 
tbo oriuiutm impl « ■ Pittkfui pn)co»t of MponiHcat on br which iho Utty ocU 
« *op*nl«I from the m>due (Qupier U) Thete two porlj of the I p d 

molfoile are ah«otbrd teparttely and t)^ or* comb ned wrthin ihe cell under llie 
tnUunxe of Iip*tn Intracell lar »ynthf««* of fat can be demon irated bj- h rtoebem cal 
tne4m. If a rat it earned to fnpeit a certain quantile of oli e oiL. i the end of tJurtT 
miaulrt th number of drtrpleU of neutral fat, demomtrabla br itaininf with 
S Jan tit II tmali. On the other h nd, if one uMn the methrO ol TiKhler which 

I t in tre Unit the celli with cuprac acetat wh th form copter vmjh wjih f Tty 
•crit, anJ then ilajnine with hemato lin it c n le demon trair«l that toniKJrr blf 
quant fr erf fatty acidi itt at th t time (Jeier) "^ome houn later th re erve 

be ♦rm by th t methrj it hown th 1 there ii then onl) a iMall quant ty of 
I ty achli and abund nt drop^*^ rt neui 1 fa i 

Tl a fmenca of the f i droplet! in tha inlratmal telli u only tranutory thru 
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cocatenO loon pcsdog partly to the blood sfid, in larger quantities, to the lymph of 
the intes tinal Tpli, lo be distributed to the rest of the organmn. The patiag* irom 
the base of the cell to the capHlanes u Inruibla with the nucrtiscope and it it 
cuppoeed that there may be another pmceai of splitting mto fatty adds and gl ycero l 
(cmder the acticn of lipitet) Once in the blood stream, the neutral fat it reconrtntcted 
and may b« tea under the darkiield microtcope as small refractila bodies called 
ckjHomiovns 

The accumulation of fat in an^ cell begins with the appear 
ance of ver> fine droplets which then mcrcasc m size by op- 
position and confluence In Chapter V uc mentioned the role 
which the chondnome appears lo pln> in certam cells in the 
deposit of fatty droplets 

From the physicochemical point of view the intracellular 
fat IS found m the form of an emulsion stabilized by proteins. 
This emulsion ma^ be so fine (colloidal) that it is invisible ^Mth 
the light rmcroscope, then constituting a part of the so-called 
^masked fat (Chapter II) In other cases the fat constitutes the 
dispersed phase of the system, the dispersing pliasc of which is 
a solution of proteins Finally wlicn the lipoid content is above 
25 per cent, the fat constitutes tlic dispersing medium and the 
protem micelles the dispersed phase. Under the influence of a 
toanc or of other pathological condition, the equilibrium between 
these two phases may be altered and give nsc to morphologicall} 
visible diangcs Such is the case m fatty degeneration or lipo- 
phancrosis (Gr Phaneros visible) m which there occurs a true 
unmasking” of the fat 

Glycogen inclusions represent praclicaljj all of the carbo 
hydrate reserves of an ammah Since this substance is, m general, 
soluble and relativelj diffusible, it is displaced or precipitated 
by the common chcrmcal fixatives This fact giv'es nse to numerous 
artifactsof fixabon (Fig 15) The freczmg-drying method (Chajh 
ter m) permits us to obtain a real imago of the distribution of 
glycogen m the interior of the cells. In the hepatic cells it is 
generally described as irregular flakes preferentially localized in 
certam parts of the cj-toplasm However with the freczmg-drymg 
lechmquc it appears diffuse and oampies all of iJie ground cyto- 
plasm (Fig 16) It also IS diffuse in the cells of vaginal cpithehum, 

m cartilage (Fig 127) m endometrium and in adipose cells (Fig 
128) In the leucocytes and in muscle fibers it appears m the form 
of fine granules (Fig 128) This tcchmquc of fixation permits 
a more mtense histodicmical reaction and a greater sensitivity 
to tests with glycogenolytic enzymes it also impedes the partial 
aulolysis of glycogen and preserve* its chemical propcrtie* 
(Mancini) 

Recently it has been possible to demonstrate that the diffuse 
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gljcogcn of Uie hepatic cells is composed of submicroscopic 
particles (Lflrnmu) Tlicsc particles ^^cro isolated from a brci 
of hNer tissue, prcsnousl} cciitnfugcd to tlic point ^^he^c all of 
tile ^ isiblc components (cell debns. nuclei, cliondnomo) hod 
been deposited, and tlicn ultraccntnfupcd at 12 000 r p m. Tlie 
sediment thus obtained shows ullrnmicroscopic particles (demon 
5trableb\ dnrkfield c\ominotion) conslUutcd of glycogen, protcuu 
and 7o per cent water It is intcrcsUng tliat the protem represents 
onl> about 1 per cent of Uie drj weight These studies ore inter 
preted as indicating tliat the hepatic cell pohTncnres glucose 
into gUxogen, tlius soparatmg it iniinodiatclj from solution and 



Fif l"^ Ltit Chcotrn ra certtUpr wlU difirurtl fixauen, lolint reaction 
The drttnhutiOT m QaVn i teen. P fhs Gljcoceo m cellj ol raruU^e fted bj the 
frrrziBR dn mg method. lo>lme reaction Tb» gl copen bai a difluse and hmnopeneou 
dutnhutKin in the cjtoflatm. (Courteij of R. E. Manfim. ) 

fiving it to proteins which constitute Oic submicroscopic jiarticlcs 
It 15 jKrtsiblc tliat llic ghcopen of muM:lc and of lcucoc\*tcs whicli 
forms miciwcopic granules, ina\ contain a prenter ainount of 
proteins and, for this rcavuu show more slnhihu Nctcrtliclcss 
It 15 q1<o possible that tlie<c differences arc due to o different degree 
of iKiUnncn/ntinn Tlic jxxirh soluble pUcnpcn {di smof:ltcof:t n 
of ^^llUtolte^ and Uohdowald) mo\ dilTer fmm the more soluble 
(/fop/tcop* «■) b\ liciiiR composed of poKniers of greater mo 
leculor weipbl (Me\er) 

Ilistochemicnl studs of gKcopen can Ik? earned out with tJir 
iodine reaction, tthirh pwes a rlnrtctenstir niohnpm\ color or 
with Uaiicrs renction m wliirh after treatment with chromic 
acid phenpen IS cnloretllw Schiffs reipent (leiicnfurhsjn) bests 
CTimme methfMl nlthnuch it pi\rs good unnpes is not sj>ecific. 
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All of the mctlioda require o control by means of ptyaUn, winch 
digests the glycogen, followed by tlic nppropnato histochcmical 
reaction 

Recentlj advances have been made in the tecliniquo of the 
lodme reacuon The improved method apphes the lodmo m a 
nonpolar solvent to the frozen and dried sections and provides 
for mcroased permanence and stabihty of tho preparation (Fig 
128) In this way, the demonstration of glycogen can be earned 



“ •dwv cfUl. Tto Imdm-dryiaf jurthod poarfo 
m. domcnitnitKm of tho prewnoo of eljcojwi diffnioli- dinnbulod m tho crVailBn 
•urroundra^UiB dropleta of fat Fixation, frecmig drying, without desaturatko. 
fwine raactkuL Bfeht Grmnular glyc«Jg«D m • rtnated nnijcle fiber The mimiU* 
w are arran^ in a dcaiWe nnr and an uniforro m the different iarcm u aief 
iechttKtua as for the adipose fume. (Courtoay of R. H Mancim.) 

out under ideal conditions, \vitliout approcioblo displacement or 
loss of this material (Mancinj) 

By means of lustochenucal studies an attempt Ims been made 
to connate the distribution of glycogen with tho localization of 
^ ph^hatascs This study offers considerable interest because, 
from the biochemical pomt of view it is well known that tlio 
requires tlio intervention of emymes, sucli 
as alfcalme phosphatase, which are capable of liberating the 
pho^hatc from tlie phospliorylnled mtcrmediancs involved, Tius 
^■TOuld lead us to suppose a topographic relation between the 
glycogen and the alkaline phospliatases, as they are dcmonstnitod 
by the technique of Gomon Bocont studies on tho maternal and 
on tile fetal placenta of vonoui species of animals (Dampse> and 
NVislocki) tend to support this hypotliesis 
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PtgTTumtan inclusions arc substances of o lictcrogenoous 
nature which have in common llic property of being colored 
materials (cliromogcnsl Tlic pigments arc gcncraU> a product 
of cell metabolism (endogenous pigments) but, m man> eases, 
thej arc dcn\‘cd from llic outside or from otlier tissues and arc 
accumulated b) tlie cells (exogenous pigments) 

Among tlic exogenous pigments some important ones of plant 
ongm should be noted, such as tlic carotenoids among whidi 
arc tlic carotenes, xantliophjU and lutem On page 25 \^c studied 
llie general clicraical composition of those pigments which result 
from the poljTncnzalion of the unsoluratcd hj drocarbon, isoprenc 
Carotene is accumulated parbcidarlj in tlic hepatic cells and i5 
transformed into vitamm A Lidcin is tbc pigment which colors 
tlic jolV, of tlic egg All of tliese carotenoids arc characlcnzcd 
b> great solubihlj in tlio fattj substances to whicli tlicj impart 
Uicir own color 

To tins group of exogenous pigments belong also tlie blood 
pigmen/x which come from the licmoglobm of tlic blood or 
from Uio mjohcmoglobm Tlic most imporlont of lliesc arc 
(1) f/cmosidcnn which results from tlic disintegration of ll\c 
red corpuscles m Uie rcUadar cells of the spleen and in other 
macropiiagic elements of Uic organism Tins pigment, which 
has a brown color and appears as an amorphous granular sub- 
stance IS charactenzed b^ tlic presence of iron m tlic ionic state 
whicli can be demonstrated cosil> b} tbc appropriate histo- 
chcmical reaction (2) llcmatoidm a crj-stollmc pigment whicli 
lacks iron and is generally found in tissues where cxtra>asalion 
of blood has occurred Tlic latter pigment is similar in its 
composition to tlic bilirubin secreted bj Uic li\cr 

Among llio pigments of endogenous ongm tlic most im 
portant arc tlic lipochromcs and tlic mclanins Tlio former arc 
dcn\cd from tlic lipids and perhops from tlic phosphatidcs, bj a 
transformation whicli is poorlj \indcrstoo<l oiid arc found in Uio 
colls in the form of granules of n jellow or brown color whidi 
show choroclcnslic properties of lipids 

Mclanins arc pigments which contnhuto to tlio color of llic 
epidermis, hair and other portions of the skin and wliich ore 
localiToil parliCTilnrl> in cpiUiclial clmicnls and m some of tlic 
conucctwc tissue cells (niclnnophorcs) Tlio\ appear in tlic form 
of granules of a brown or black color and arc \cr> resistant to 
rengrnts Tlirir ongm has l>ecn much diyru^^v^ It is gcncralK 
consulerctl that Uies are phenolic p<»K*mers which nia> be dc 
n\e<l from tlie ovidnlion and the condrn<alinn of the proilucts of 
protein calaboliim but liie nature of llic m, /onog< me substance 
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IS not known exactly According to some authors, it is formed 
from tyrosine, which is oxidized by an enzyme, tyrosinase Othcn 
consider that the adrenalin, produced by tho medulla of the 
adrenal gland, may he the mother substance of raelanm Still 
others assign spcaal importance to dilijdroxyphcnylalaiune 
which can be oxidized bj a dopaoxidase (Bloch) The lipofusans 
are at the present time considered similar to the melanins. They 
are brown pigments, also called pigments of exhaustion’ because 
they arc found m various organs (heart, muscle) in o state of 
brown atrophy or m the nerve cells of senile mdividuals 

CYTOMORPHOLOGICAL ASPEOS OF CEUUUR SECRETION 
Secretory Cycle 

Secretion is tho process bj which cells absorb substances, trans- 
form them chemically or m concentration, and expel them The 
products of secretion may be utilized by other cells, may stimulate 
or inlnbit other cells, may act chemically on otlicr substances 
or may bo chmmated from tJie organism These transformations 
imph work done by the cells, smcc, in chemical transformation 
or in fluid transfer against a concentration gradient, a certain 
quantity of energy is alnnys consumed In excretion nonraodificd 
substances are expelled along favorable concentration gradients 
mthout expenditure of energy by the cell- Nevertheless, both 
processes frequently arc more or less intcnmngled and it is 
difficult to separate tlicm clearly 

The secretory cell may be compared to a complex machine 
the functionmg of which leads to llie elaboration and the chmina 
bon of the products of secrcbom This process imphes tho existence 
of a continuous change m cellular activity which can be mter 
preted only when it is studied in all its dilTercnt stages- If fixed 
and stamed secretory cells are studied undnr the microscope, the 
image which is obtamed is the representabon only of a single 
stage of cell work- In cell tccrcbon, more than m any other 
process, tho factor of tunc must bo taken mto account m order to 
mterprot the results of cytomorphological analysis For this reason 
the best tochmque to study the process of sccrebon is vital ob- 
serv^bon (biomicroscopy) over a suffiaently long penod of 
brae 

However this is not abvays feasible and often offers great 
difficulbes Another obstacle is due to tlie fact that m a single 
gland the cells arc generally foimd m various phases of secretory 
acbvity m such a way that in the histological seebon they present 
\'ery different morphological aspects This obstacle may nevertho' 
less be surmounted by using appropriate stimuli wluch rapidly 
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modifj the ocu\nt^ of tlic colls (•which norraallj would be func 
Uoning m an a'^ynchronic or scnus\*nclironic manner) and dn\o 
tlicm in a gl^ cn direction, tlwis establishing functional svncliro 
nization If for example, one desires to slud\ tlie secretion of tlic 
exocnne pancreatic cells, tlio animal is first made to fast in order 
to bring about a stale of repose of Uic gland, and tlicn tiic cells arc 
stimulated bj pilocarpmc, tlio action of wliicli bnngs about tlic 
rapid excretion of the products of secretion In this ^^‘a} tlic ^•anous 
phases of cellular nclivnu arc s^mchronizcd and practical^ oil 
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1 p 1'^ Pnxrn of MCTrtKifi id the thjroJd plAnii, ttudied b ibe freermp 
douiR technique / nJ J Th^rmd cellt, 30 to CO numila »tlcT the Snfecuon 
f the thjTWropK: boniiewi of the h)pophxtu. The fonnauoc of dropleti of eollcml 
nd their lecTetion Into ih ct ity of the follicle ere leen re etcretcJ droplet 
ctf, colloul droplet f Th roid c 11*, three hour* efter in)ection The proce** of re*h* 
*orpt <io f th c Ilmxf prrifotntn te* beui colloid. 5 Th roid cell 2_ hour* efter 
mtect on Th in m on of the »rcrrtorv polent it lem I ixaUon h the freermp 
dn R mrihoit Suln mime blue nd orenpe G 

of iho cells r\pel tlietr conlctits nnd tlicn rccotcr pmduolh Tltc 
CN Inlnpical studs is rnmotl out nl % inous times after tlio applicn 
turn of the siitnuhts nntl can 1 k» tlone in a purcU qualitntiso or in a 
qinmilatiso nntincr a]iplMng Oir Malistical method (C G 
llirv?}!") In tins I lifer nielliod an nllempt js nntic to find ant 
IMrtiriilar «ftte of the rell ffor example inittisis elr ) nntl to 
roimt the colls m this tite to ee m %\liat propnrtinti tlioj apjieir 
Tl iliffereni times folln\^ jtiq tlie stiniulus 



302 


GENERAL CTTOLOGT 


The secretory cycle has extremely variable cytological ex 
pressions, but it generally is charactcnzcd by the appearance of 
products visible \>’ith the microscope which ore accumulated m 
the cell and then arc ehminatctL These may be dense and re- 
fraetde granules, vacuoles, droplets, and so on, which almost 
silvan's occupy a defimte position m the cell and which, at times, 
have charactenstic histotjiemical reactions (Figs 124 125, 129 
and 130) 



Fig. 130 Secretary proceei in the •dreoal mednlle L^jL ■ aoniecreting rect 
JUgM a Mcretmg zone. Adrtnalm-conlunmg eeartlon droplets ere present m the 
seoTting tone, the m the reins, is darh. (Bennett, & S j Am. J AmW 

mi ) 

In some glands, nevertheless, it is not possible to demonstrate 
by cjlologic^ methods anj product of secretion, even when the 
physiological data indicate secretion is active. A typical example 
15 that of the parathyroid, a gland which secretes a powerful 
hormone regulating calcium metabohsiXL Ho^^evcr tlic cells of 
the parathyroid show no product which might be considered as 
a prcsccretion or an mtracellular precursor of the secretion. 

In these cases the existence of the secretory cycle may be 
demonstrated by talong into account the modifications which 
arc produced m the nucleus and in the cytoplasmic components 
\%hcn the normal aclmtj of the gland is modified In the para 
thjToid, for example, the mjcction of a single lar^ dose of 
parath>Toid extract brings about a great hj’pof unction follo^^cd 
by a slow recuperation. Cytologicallj it is seen that m the fii^ 
stage the dark, osmiophihc cells disappear and all of the cells 
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acquire a homogeneous cjiclogioil aspect ^^^Ul a reticular Gol^ 
apparatus of a simple t\'pc (Fig 131 A) In tlic state of recupera 
Uon Uic cells sho\% a functional asvnchronism b\ the hetero- 
gcnciU of tlieir cvtomorphological aspect. There arc certam larger 
cells NMtli a fragmented and MicuoIiEcd Golgi apparatus and 



C D 

Fte 131 r rattrroKj cfH* m v»nooi tUfTt of iJirir imr^firr ocuntr A rrll 
m t»jth « tunpl GfJp pp«iro1 t B b'r*^rofh amt fr cttwtjUIk^ o! lb< 

Goln rparatui C c 11 apparratl ui • ut of accumul non of tli *«iTtioei, 
\anwlrt wiih wmicrph lie twifri, Golm •rf>aratm romplrt U fraimwmlH D dart 
U m fl er of ♦tcrrlK*!. OtriK irrjtTi*(:n*l on 

xcMCiilar chmndno<omcc Tlic dark. <><miophihc rlrmont'? re 
npjK'ir In the <amc ptiiid, llie functi ml h\ peractix il\ \\hicli is 
iditainotl h\ ferdinc the animals uith raclntncf'mc dirU, ex 
necerates the cxtolopcal hctcropenciU and mcreasos tlie numlnT 
of fxminjihiltc cells From iheso rxpenmrntil studies one can 
infer QppniMmateU \shat is ilie norrml cx'toinnrpholnpcal cscle 
of sr^reliim c\en tlinugh iJie prixhict elaborated is not visible 
(Fic 131) 




Fi* 132 Secretory cncle of the pencrwuc coU of the nhite mome. A «tU frooa 
a fcftmg animal Zymofren granules and cliondnoconU abundant chremldial mb* 
rtance. B the umo a half boar after uijectian of pilocarpine. VacnoHtatioo and 6i 
cretian of the zymogen Golgi appontos mcreMed in size, diuppoaranco of the 
chromidial substance C one hoar later eieretion almost conjplete Great osml opbflia 
of the Golgi apparatus D after four boon. Typical Golgi net with newly formed 
granules. £, after seien hoars, the p ro caai of ro ct w er y enntinaing. F after fourteoi 
bwir*. Recmery completed (After Bies ) 


The Structure of a pancreatic ccU Jjds been described elsewhere 
m this book In tho resting state it presents a typical poloriration 
of Its components Tlie base of tho ccU is occupied by the nucleus 
(Fig 125) tlie cliromidial substance containing nbonudeo- 
proteins (Figs 63 64 and 65) and by elongated chondnoconts 
ononlated m the apico-basal direction (Fig 125) Tlio apical or 
excretory region is occupied by rcfractilo granules ivitli a lugh 
protein concentration (Figs 61 63 125) In tlio supranuclear 
zone and among the zymogen granules there is a Golgi apparatus 
with o reticular appearance 

Injection of pilocarpine brings about a liquefaction of the 
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zjTTiOgcn granules and the rapid expulsion of their contents (Fig 
132) By means of biomicroscop} it has been seen that, in tlicsc 
eases tlie passing out of llic products of secretion can occur di 
roctlj tlirough the rupture of the cell membrane and tlie gl^^ng 
off of parts of the cytoplasm (Cowell) Later the cells elaborate 
more secretory granules which are accumulated at tJio apical 
pole and at the end of $c\cral hours regain the same appearance 
wlncli they had ot the beginning (Fig 132) During tins stage 



Fip. 1 Ji. L^lt Photofmero^ph of th« ewrme p^nrmi m a ttJte of rrpow- The 
•cml are loaded rrith Rramilet of ry nw^m the Gdp ipTiartlas U not clearly »een and 
ti nhuted b etween the irraaulet Oumc imprejmaticru HighL pancreas actirated by 
the m}ectkn of pSocarpme The dunhiutMn of the mopen and the great mere se In 
oirniophllla of the Golgi appantm can be leen Osrruc impregnaUon. 

Ulc Golp apparatus hj-pcrlrophics and becomes intcnsclj osmio 
plulic (Fig 133) Tlie cliondnosomcs seem also to h\'porTroph\ 
altliough Uus IS not certain, and tlie chronudinl substance shows n 
diminution of its ribonucleic ncid content (Cnspcrsson ond 
collaborators) 

In stu(lJ^ng tlie secrotoiy cjxlc the method of fixation hy 
freering ond drying (Qinptcr III) prevnts great od\*nntngcs, 
since it permits us to slop Uie cellular processes m the most rapid 
possible manner ond thus to determine l>ctler its different stages 
In addition, it permits us to see. under the licst conditions and 
sviUiout changes tlie soluble products ond protein secretion when 
present m high dilution In the case of llio tluTold, tins mrtlirxl 
demonjlratcs an inlmccllular colloid which is not observable b} 
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other methods and penmts us to follow the different stages of 
Its formation and excretion 

If an animal is injected >vith thyrotropic hormone, at the 
end of a few minutes there appear numerous droplets of colloid 
at the apical pole of the cell which then are excreted mto the 
mtenor of the th^Toid foUidc. The exit of these droplets appears 
to occur m a manner similar to the secretion of the pancreas, by 
the cvagmation of the cytoplasm and the rupture of the cell 
membrane at certam pomts (Fig 129, 2 and 3) After this 

first step of apical excretion, the reahsorption of the folhcular 
colloid begins, and it passes through tlie cell toward the blood 
capillaries (Fig 129 4 and 5) 

Ongin and Significance of the Secretion Granules 

One of the most firmly supported concepts m cj'tology is that 
the granules, wluch arc observed in the majority of gland cel l s, 
represent tlie product of secretion- Thus, for example, it is behoved 
that the zymogen granules of the exocnne pancreatic cells contain 
(although in the mactivc form of proenzymes) the various 
enzymes which are found in the panextade juice and that the 
chief cells of the stomacli secrete pepsin and the other enzymes 
of the gastnc jiucc. In the majority of cases, hoivcver this con 
cept IS not based on direct cytocSicmical evidence. 

In recent >cars considerable progress lias been made m this 
direction, pcrmittmg us to afiirrn that at least some products 
of secretion rcall} arc found m the gramJes or droplets witlun 
the cells. As a typical ciamplc wc may cite the case of the 
pancreas If the content of granules m the pancreatic cells is 
determined quantitatively at various times after stimulation with 
pilocarpine, and at the same Ome the concentration of carboxy 
pol}'pcptida5c is analjiod, it is noted that a perfect correlation 
exists bctvrecn the two (Fig 134) The number of granules 
reaches a minimum one hour after the mjection of pilocarpine, 
while the quantity of the entymes is minimal ffiree hours 
after the mjection. Tins apparent discrepaniy is duo to the 
presence m the excretory ducts of the gland of the secretion cx 
pelled by the cells. Later the content of granules and the con 
ccntration of the enzyme mcrcasc in parallel manner These re- 
sults p^o^^de strong evidence that carboxypolypcptidase is actually 
m the zymogen granules. 

The significance of the secretion granules in the various 
sells will be 6oh*ed as specific histocliemical methods are dc 
veloped for the identification of minute quantities of substances 
mthm the cells. Recently n has been possible to identify m a 
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direct form Uic tlijToglobulm in llic inlonor of tlic UijToid cells 
b> means of ultraviolet absoipUon spcclropholomotry (page 146) 
{Gersh and Caspersson) 

The theories concermng the origin of the granules ^^hlch ha%c 
been formed over a long period of lime arc reflections of llic 
dominant ideas in each penod \Micn histological studies began 
uilli imperfect microscopes and w'ltliout staining of the prepara 
Uon, llie most easily ^ isible slruclurc sras llic nucleus, and nuclear 
cliangcs i%crc ohsened in scercUan As a consequence of tlicsc 
facts, Claude Bernard proposed the tlicor} tliat the nucleus 



np 131 Content ot tAmoRm prvialoi in tlw panoritK erlU ol th* mouw (i r) 
and contrnt of carbo )p<d poptidav (oo) in iiwmiaRe ol tlw %a]uM foe 

a /amnp anrmal On thf ab«mia aft^r tho m^oetJon of pilorannne (After 

>an tNeel and nnpel ) 

claboralcs llic secretion Tins nuclear theor^ uas supported cicn 
more slronglj ^^hon nuclear stoms began to come into use 

To\%ard tile end of tbe past centur\ Ijmglc\ and llcidcnlmin 
tle<cnl)otl llic wretorj granules nnd tlic moqiliologicol cliangcs 
\slnch lhc\ undergo dunng the secrelnrj c\clc nnd suggested 
Uial the<c represent the products of secrelmn At the licpnnmg 
of the present ccnliir\ the c/irormdift/ theory (Qinptcr YII) sras 
proposed according to which the cliromidinl substance comes 
out from the nucleus and gives origin to the granules 

Later with development of techniques for the demonstration 
of the chnndnomc mam ontlinrs ottempletl to prove that the 
granules are denvetl fnmi the sulisiniice of tlie chondnosomes 
{chotidn<)\otnt f/u'on ) rimlh in recent \e irs there lias lieen 
firm sujqwtrt for the theorv projwtsrtl hv Cajal llint tlie Golgi op- 
P’^ratuv inteiNenes m ibe formation of tho sf^retion granules 
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In Chapter V we discussed this theory m its modem aspect* 
{theory of the presubstance of Hirsch) 

From this brief review of the theories of secretion which we 
have made, we can conclude that, with the methods of cytological 
mvestigation utilized up to the present, the problem of the 
ongm of the secretion granules cannot be solved. These element* 
have the characteristic of appearing rapidly in the cytoplasm, 
passing from the submicroscopic to the microscopic level m such 
a way that it is very difficult to determine whether they have 
originated directly or mdircctly from the nucleus, from the 
cytoplasmic organoids, or from the fundamental cytoplasm. In 
mterprcting the intracellular process of secretion, it should be 
kept well in mind that the cytological changes which are seen m 
tile cell are only an expression of the stale of secretory activity 
From die microscopic images alone we ordmanlj cannot deduce 
that a causal relation exists between the cytological changes and 
the elaboration of the secretion, smee this latter process is not 
visible with the light microscope. Nevertheless, recent results 
support the view that at least in certain secretory colls there i* 
a chemical organization comparable to the moiphological or 
ganization, particularly m regard to the localization of various 
enzyme systems Thus U has found that the proximal tubules 
of the kidnoj where the roabsorption of glucose occurs, are nch 
m a lk al i ne phosphatase, which is concentrated principally next 
to the lumen of the tubule in the brush border of tho celL This 
fact has been related to the processes of phosphorylation of the 
reabsorbed sugars which take place m the mtenor of the cell 
(Gomon) However recently it has also been suggested that 
phosphatase may act in spbtting phosphate esters before these 
are reabsorbed by the cells (Danielh) 

Various obs<^alions on the transfer of substances through 
the cells of the intestine and of the Jadney have led to belief in 
the existence of intracellular systems which would act as earners 
or vehicles of these substances Tho earner would act os an ab- 
sorbent, or as a sohent, or as a chemical substrate for tlio trans- 
ported substance The direction of movement of diesc earners 
from the point where they would be united with tho substance 
to tho place whore it is elimmatcd from tho ccU would be deter 
mined m some cases by tho structure of the protoplasm Thus, 
for example, tho long filamentous chondnosomes (batonets) of 
the renal cells would form true mtracoUular passage^vn^'s for die 
transfer of substances along the long axis of tho colls (Hober) 

It seem* evident that die process of secretion m its intimate 
detail* wall bo better understood when specific cytochemical 
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methods for the identification and localization of minute quan 
titles of substances ^^1thm tlic cells ha^c been dc^ eloped and 
\%licn tlio results obtamed by tlicsc mcUiods arc correlated svitli 
tJic metabolic processes partiapating m tlic elaboration of tlie 
secretion 
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Chapter \ll 

DirmRENTIiVTION SENTSCENCE VND DE.VTH OF 
TIIE CELL 

CELLULAR DIFFERENTIATION 

In the preceding chapters we ha\c studied tlic morphologicoL 
plij-siologicaL phj*sicochcmiail and cs'togenctic aspects of the cell 
in o general fomi Although several duerse tj'pcs of cells ^^crc 
used as examples (eggs, blastomeres, germ cells, cpitliclial cells, 
and so on) in all of tlicm tlic fundamenlal cliaractcnstics \serc 
Ncrj similar ^^c dealt ^Mth elements which morphologically ore 
liltlo difforcnliated (i c,, htUc spccialiTcd) Nc\ crtlicless, in higher 
organisms tlic multiphaU of functions mahes necessary a greater 
or less degree of spccialiration and differentiation Certain cells 
arc adopted to definite functions and, at tlic same lime tlicir 
morphology is modified For example Uic nerve cells assume 
a form and structure adapted to tJic functions of imtabilU) and 
conductinh Oius enabling tlicm to react m a high degree to 
stimuli and to transmit Uic signals from one part of liic organism 
to another Likcwnsc, muscle cells contain wludihavc 

Uie property of contraciibilily verv well developed, oltliough tins 
property is also a general cliaroctcnslic of living matter 

Tins progressive specialization in structure and function is 
wlial constitutes tn a restricted sense, a llular dtfjrrcntiaiton 
DilTercnlinlinn is nlw*a\5 tlic transformation of something more 
general and homogeneous into somcllung more specialized and 
heterogeneous and it is roncctcd at the same time m bolli 
morphological and physiological chamclenslics 

Cellular differentiation occurs continuouslv throughout tlio 
life of ilie nrgnnisni In tlic rmhnonic penrKl it reaches its 
moMnmm expression and consliiuios one of tlie most important 
processes Tverv organism dc\cloj»s from n single cell — the 
fertilized ovum— which has m it the potenev In pve nsc to all of 
the lisvnes and organs Tins cell divi<lcs actively to form the 
emhrvnnic structure known ns the hlostula m winch the tissues 
and organs have not vet liecn definefl Lp to this time in manv 
si*ecies tins procesv is mainlv quantitative ( incmsp m the numlier 
of cells) but after the formation of tlie hlnstnla it liecnmrs nlso 
qualitative Tlie cells of the hlastula then liegm to rearrange them 

911 
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selves in a process called gastrulatioru, which is a very important 
stop in embryonic development, during wluch the throe g enu 
layers ore established and tlie determination of the future organs 
u made At this tune and later the process of cellular difjercntm 
tion occurs with the/ormobon of the various tissues (histogenesis) 
and the separation of portions of some of these tissues to constitute 
the organs (organogenesis) 

The fundamental processes of embryomc development arc, 
growth, differentiation and metabolism The first consists in the 
mcreasc of tlie spatial dimensions and depends on the multiphca 
tion of nuclei or of cells, on the increase m cell size, or on the 
addition of nonhving substances (paraplasm and intercellular 
substances) Differentiation is choractonxed by tlie increase in 
complexity ond degree of orgnmzalion and mcludes histogenesis 
and organogenesis Metabolism is tlic total of chemical clianges 
which ore produced m the embryo and which m part provide 
the onci^ necessary for tlic oilier processes 

The study of the causes of diTfcrcntiation hes beyond the 
limits of cytology but is a special field of embryology, m wlucli 
one of the most important branches is causal embryology also 
called tlie mechanics of development Tins science lias demon 
stralod tliat tlic cellular differentiation of any region of tlie 
gastrula is preceded by deterrmnation, an invisible process which 
fixes the destiny corresponding to the future development Tlui 
concept if demonstrated in the following experiment (Speraann) 
If a young gastrula of an amphibian has n portion of itf dorsal 
ectoderm removed (a port which in normal development would 
be converted mto a portion of the nervous system) and if this 
IS implanted mto the ventral region of another gastrula, instead 
of differcntiaUng into nervous tissue, it develops in accord with 
the region and forms epidermis If the same expenraent is re- 
peated \vith material from on eraplubian gastrula at a later 
stage of development, the grafted part develops in accord with its 
site of origin and is transformed mto a part of the nervous system 
This result demonstrates that at a particular period m gastrulahon 
the destiny of certain parts of the embryo becomes definitely 
fixcA 

The expenmonts of Spomonn and his school have given 
evidence that all embryomc development, end therefore the 
differentiation of tissues and organs, results from the coordmated 
action of organizers, whicli arc special regions of the embryo 
havmg the property of dctcrzninmg tlio differentiation of otlier 
regions. Thus, for example, the dorsal hp of tho blastopore of 
the gastrula which is tho primary organizer dotcrmines the 
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difTcrcnliQlion of the nervous Kystem In turn, after its o\vti 
differentiation the forcbmm nets as a secondary organizer 
and determines the formation of tlic optic \csiclc. Tlie latter 
(tcrtiorj organizer) induces llic differentiation of the crystalline 
lens, ^^hlch m turn provokes the formation of tlie cornea Tins 
whole senes of integrated processes is tliouglit to depend upon 
substances (tlie cinlcrs of Needham) produced b\ tlie or 
ganizers, capable of bunging about tlie differentiation of neigh 
bonng regions, when these latter are in a state of reactivity or 
of appropnote competence 

If we now connne tlie problem to its cytological aspects, 
differentiation may be defined as tlie process whicli results m tlie 
spcaabzation of tlie present and potential functions of tlie ccU 
(Bloom) As it differentiates, tlie cell adapts itself progrcssucly 
to a specific fimction and at tlie same time loses, m genernL, tlie 
capacity (potency) to carry out otlicr functions In certain eases 
differentiation is temporary and n^crsible and is called modu 
lation in oUicrs, it is permanent and irrc\cniblc 

It IS generalU accepted tliat there is on antagonism belw-con 
tlie processes of cell dmsion and differentiation Tlio latter gen 
croUy tales place at Uio intcrphasic stage, between mitoses, 
or after coll divisions ha\c definitely ceased Tlie ncuroblasts 
which onginatc from undifferentiated cells of tJio embryonic 
neural tube and neural crest rcacli o high degree of dificrcntia 
tjon, so tlial tlic none cell not only loses its capacity to transform 
mto otlior ty'pes of cells but also its capacity to dmdc On tlic 
other hand, there ore in the adult organism oilier cells which 
Iia\c acquired a Ics^r degree of differentiation and whicli under 
certain conditions con be transformc<l into different cell ty’pes 
Sucli IS tlic ease wiUi tlio rcliciilnr cells of tlic hematopoietic 
organs which hose Uic power to transform into, and tliiis 
to gi\c ongin to tlie cells of tlio blood or to the sonous ccllulor 
elements of tlio conncclisc tissue From these examples it be 
comes c\’idcnt llinl ns llio cell differentiates its developmental 
potency liecomos rcsinclcd Later we shall see tlie importance 
whicli this 1ms in the senescence of the cell 

Speafic Difiorontiotions of the Cytoplasm 

In tlic course of differentiation the liehmor of the nucleus and 
ol tlic cytoplasm differs marlcdlx Tlie nucleus never mi<lcrgoe> 
kuch definite modifications ns the cxloplnsm and at limes its 
aspect is verv Similar in completeh difforenl tvfw^ of cells It mav 
‘>0 Mid in tins rcpnnl that just os the nucleus plnv a dominant 
mie m heredity conserving intact tlie imdirferentnteil mnlcnnl 
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of the ultrastructxire of the myoCbnllao of stnatcd muscle (Hall, 
Jakus and Schmitt) These are composed of a succession of 
alternating transverse bands nhich comadc wth those obserred 
with the ordinary microscope (Fig 135) The fundamental unit 
or sarcomere is limited by a narrow and dense band called the 
telophragma or Z Imo This is located m the center of the less 
dense zone kno^n as the I zone, correspondmg to the relatively 
isotropic disc (Fig 137) The A band (which is anisotropic with 




X120,000 Lowrr' Diasrammatie ilnmlng gec<nelnc*l rdtllom axid d Jm ci 

nani betirmu ftAined irgioot lo pwayocm CibrillM. (S«e df cn ptioc m iIm text) 
(Courtexy of C. E. Bell, ^L K. Jakns uid F O Sebmin and of J App. Phyt 
+59 19+5) 

polarized hght) has a greater electron density than the I band. 
Under certam conditions tlierc may bo observed m the center of 
the A band a less dense zone which subdivides this band mto t'vo 
dark scmidiscs This zone constitutes the H disc (Hensen s disc) 
and m its center is the mesophragma or M membrane (Fig 137) 
The electron iniscroscope, besides revealing these same olcmcnti 
which arc observable with the bght microscope, shows the exist 
cncc of longitudinal filaments the +vjdtli of which is on an average 
from 120 to 150 A, with an indefinite length These filaments ex 
tend in a straight line across the anisotropic and isotropic bands 
and tlius across the successive sarcomeres (Fig 137) When the 
muscle is studied after extraction by the mild alkalme-saline solu 
tions employed for the extraction of the myosin, filaments are 
obtained which are only visible with the electron microscope and 



DlFFEJltNTlATlO^ SE^ESCE^CE DEATH OF THE CELL 


317 


which present cliaractcnsUcs similar to those found in the Tn>o 
fibnllac. 

The fact tliat these filamcnls of myosin arc conUnuous tlirough 
the entire sarcomere and even m adjacent sarcomeres has led 
to the belief that tJicrc exist m the A band otlicr substances whicli 
increase the electron dcnsitj It lias been suggested tliat tins 
propert} maj depend upon a greater content of potassium (Ma 
callum) and on mineral salts (Scott) Nc\crtliclcss, tins problem 
IS still in dispute (Engstrom) 



Tin 137 Pk u op micxt^pli ol ■ nsRle io>oGbrnU Irora Ire*; Mrtonta, *x 
traded rad Tued m formalto. Sumed %ith tuoFritic »ad rad »h*d(m 

with chremmm XlS^lOO I ivjtropic band. A nitotrorie band Z, Z 1 pe 
1/ Ime // Henwti • dnc. (Courtety of NL A. Jatm rad C. E. Hall rad rf J Biot 
Chem. if 705 191 ) 

At present tlic relative isotrop> of llie I band remains un 
explained Since tlic submicroscopic filaments similar to lliosc 
of llio A band course continiiousK through it, it has been sug 
gested reccnllj tliat tins rclotnc J«olrop^ may be due to tlic 
presence of a lipoid component which wxnild nculralirc tlic 
pos\ti\c amtotrop^ of tlic filaments (Dempsej cl ol ) or pcrhnjis 
to o nucleic acid component (Donga) 

In recent }car* nolnblc advance has been made in tlic studv 
of Oic proteins of nui<clc Tins progress has Ind a profound effect 
on our concepts of the plij^siologj of musculir contraction and on 
the mbmicnneopic studj of the inx^ofibnlloe (see Srrnt Gvtirg^n) 
Tlic^e im cstipations Inv c shown lint mv min, formerh considered 
to be a single protein winch constitutes 50 to 70 per cent of llic 
total protein of Uic muMrlc, is m realitv a complex of two proteins 
have different properties Mvosin (m the old sense) Iws 
been colled aclomy'onn and its two components artin (Straub) 
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and myosin Actin has the peculiar property of undergoing a 
reversible change from the globular to the fibrous state and 
vice versa, depending on the pH and the lomc strength of the 
medium. In Chapter IV we discussed the importance of the 



Fig. US. Hectrwu lulciugjcplis of extracted from nllot nnacla. TJp^o” pH 
•iotrt 5.7 ShOTTi long 80 to 100 A m wjdtt, Lowm pH b e t wae n ■nd 5 0 

FlUmem* «r« fr agui i nrt e d mto short twIi. Shadow-cart with ch ruat i iiTi . Xl9,000. 
(Ccrarloy of A. Jafau and C E. TT«n and of J BloL CTvrm. i67 705, 19+7 ) 

^obular fibrous (G F) transformation in biological phenomcna- 
In the case of actm, the electron microscope, confirming the 
previous results obtained by studies of viscosity and flow birc- 
frmgcnce, demonstrated that this G F transfonnation is due to 
the reversible aggregation of particles mto elongated filaments 
At pH 6.5 the filaments are many zrucra m length and 80 to 140 
A m width at pH 5 7 the length is diminished (Fig 138) but 
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the \vidlh remains constant- At a loM.er pll the filaments ore 
broken denvn into short rods Mjosm (in tlic new sense) is com 
posed of filaments 0 5 to 1 0 m long and of imc\cn contour \Micn 
fibnllar (F) actin and m\ osin ore mixed togctlicr tlic actoraj osin 
complex IS formed and tlicrc is a sudden mcreasc m \’iscositj 
Electron roicrograplis show long filaments whicli arc ^vldc^ tlian 
the octin ones Tins seems consistent witli the idea b\ Szent 
Gyorgyi, that mjosm adheres to acun filaments to form tlic ncto- 
mvosm complex (Jakus and Hall) Altliough we cannot discu*^ 
here the importance of tliesc discoxcncs in tlic light of recent 



studies on tlic ph 5 *siologx and enzx-mc chcrmslrx of muscular 
contraction (see Fenn, Szent Gjorgxn) it con he said tlial m the 
snbmicroscopic structure of tlic mxofibnllQc we hoxc one of tlic 
best examples of tlic coupling of energetic proce^«es witli tlio 
actual madnnerj inx-ol\cd in function (mu^ilar contraction) 
In this ease, form and function ore so intimatch related m Uie 
realm of molecular organization that one cannot be separated 
from the oilier (see Introduction) 

None cells diffcmiUatc 'crv carK m cmbrvonic dcxclopmcnl 
and «;Iio\% extensions of tlic cxToplosm — the dendntes and tlic 
axon — tlic latter contniinnp into the nerve fiber In fixed and 
'tainctl preparations fine filaments colled neurofibrillar cm Ik* 
demonstrated in the ex loplnsm of tlie cell ninnmp m all directions 
and conlmumg into the dendntes, axon and nerve fiber fFip 
li^) Alllmucb fibrillac haxc liecn observed m living ganglion 
cells cultuml m vitro (Weiss and Woncl thex are genemlh 
invisible in hxnng colls exen xxhen dirkfield illumimtion is us^ 
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This fact has given nse to a controversy concerning the true 
significance of ncurofibrillao and lias also led some to think 
that they arc artifacts duo to fixation This unccrtamly regarding 
the microscopic organization of tlic nerve cell and fibers u 
reflected m the theories rofomng to conduction of the nerve im 
pulses NeuroCbrillao have been considered os merely supportmg 
or trophic structures with no role in nerve conduction (Parker) 
and the polarized membrane supposed to bo mvolvcd m the 
process of conduction has been located by nerve physiologists at 
the penphery of tlie nerve axon and even at tlic Ranvior nodes of 
the nerve fibers (von Murolt) 

The meager and uncertain results obtamed by lustological and 
cytological methods make advisable the use of submicroscopic 
t^iniqucs of structural analysis The structure of the living 
axoplasm of giant nerve fiber of tlio squid was analyzed by the use 
of polarization optics, and a weak posiUvc bircfnngcncc along 
the axis of the nen-c axon uus found (Bear Schmitt and Young) 
Tliese results mdicatcd the presence of submicroscopic fibnllae 
ononted parallel to tlic axis. 

Very roccntlj an electron microscopo study of tlic sub- 
microscopic organization of the nerve axon has shown that o 
variety of vertebrate and mvertebrolo myolinatod and unniye- 
Imatcd nerve axons contam a cliaractcnstic fundamental struc 
turc which apparently consists of tubular clomcnis of jndefimlc 
length runnmg parallel to each otlicr and to the axis of the 
axon These elements have been named rururotubules (De RoberUs 
and Schmitt) 

The diameters of the nourotubulcs m tlie nerves of mamin 
invertebrates such as the lobster and Lunulus lie bot^vccn 200 
and 300 A. In the giant fiber of the sqind, ncurotubules of about 
300 to 400 A are found In frog motor roots, in the human 
sjTnpathoUc and m the sciatic nerve of the rabbit, wider neuro- 
tubules are observed. 

In human sympathebc fibers ncurotubules ranging between 
400 A and 1100 A arc found witli a mean width of about 640 A- 
Ncurotubules show a core of low electron density and a >voll witli 
0 higher electron density This diffca^ntial is accentuated by an 
electron stam such as phospbotungstlc acid Although m some 
cases tlic core of the tubules appears to bo continuous (Fig 140) 
it is also possible to sec a periodic structure This consists of 
thm transverse bands crossmg at rog^ar intervals from one side 
to the other (Fig 141) In human sympathetic nerves tJio main 
penod is about 650 A \vith a range from 450 A to 750 A. Be- 
tween the mam periodic bands at least t>vo fainter lines can be 
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observed The periodic axial unit consists Uicn of llircc bands 
\%hich have been called a ^ and y The rcloU\*c density ^^^dt]l 
and position ^vlt]lm Uic period depends not onl\ on tlic tvpc of 
nerve from which tubules were obtained but also on conditions of 
preparation and stainmg In some coses, imdcr special technical 



140 ninrtroi] murop^pli of n«mrtu!>tilo% from tlo aion of hnmnn fTmp* 
riirr* Double rofitouml t huUr olrmontt rep*ni ^Uumi with rhrKfhotunplic 
y3^/)00 (D«* nohort 1 and Sebnutt ) 

rondiiions, it is possible to <icc a larger numlier of Iwinds In figure 
* 11 0 total of seven bands ma\ l>c seen Bands ore also seen after 
shadow costing ns transverse elevations on llie surface (Hg IIH 
n Imman sv-nipatlictic nerves nciirolubules arc packed together 
I^rallel to nrli otlier leaving oiiU narrow interstires Tlie in 
ividual tubules arrange tlicniselvos so that the penfxlic liands 
^ tnbnle ore adjacent to and in plnsc with tlio<e of their 

nHglil«rs ^ 
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Isolated fixed neurotubules often appear to be surrounded 
by an amorphous cloud of high electron density which appears 
to be capable of diffusion away from the wall of the tubule, and 
which IS greatly accentuated by the apphcation of phosphotungsbc 
aad The material responsible for this peritubular cloud can be 
washed away readily with distilled water 

Neurotubules are very labile structures rapidly destroyed by 
distilled water and salt solutions and, m the case of the human 




Fig. 141 Electron micrograph! of ne u rot o hnlaa of rabUt adatic nerra fibea 
Abox^e- Intesudj' atained mth pjioapbot un p U c aod, 7 bandi are aeen. Aroand tba 
oenrotabole a amall amount of amevpboos pantnlmlar matmal ij found. 

BWotr* Sliadoned mth chromfum, bondf appear on the niTface of the neurotabula 
as tranirmo elennam. XdOfiOO 

sympathetic, they break down after a few hours of standing in 
a refngerator The structure of the tubules can be preserved by 
the use of formaldehyde fixation. However neurotubulcs can be 
observed without fixation in fresh material dried on the gnd. 

The periodic and cylmdnc variations in electron density and 
m affimty for phosplxotungstic acid betoken correspondmg chom 
ical differences m various parts of the tubule. 

In expomnents witli bull frog motor roots kept m cold 
Ringer s solution for varying periods before fixation, it was found 
that ncurotubules appeared normal until the rapid decline of 
action potential mdicated failure of conducting mechanism. 
Thereafter chiefly dismtegrabon products of tlie neurotubulcs 
\\"cro observed. In tlie vrallcnan degeneration, which takes place 
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after the secUon of a ncr\c, ncurotiibiJc* also disintegrate and 
disappear 

’hie existence of tiieso submicroscopic axonic tubules nmIIi 
their ob\^ou8l} complex diemical constitution m a structure 
formerly regarded as almost homogeneous niaj lead to tlie re- 
mterprctntion of phj'siologicol data and a recasting of ph}*sio- 
logical theories relating to tlic conduction of llie nerve impulse 

SENESCENCE AND DEATH OF THE CELL 

After an imtial undifferentiated phase and a phase in ^^lllcll 
differentiation occurs, almost all cells pass flnallj into a terminal 
period of senescence, \%liich ends m death Tliese lost phases of cell 
life arc as jet little kno\'Ti and hose not been studied witli all 
of tlie cj*tological and cj'tochcroical mctliods at our disposal 
Rclalivclj more is knouTi of cellular polliologj ^^ludl is tlie 
study of tlie abnormal processes ^^luch take place m tlie cell due 
to the action of vanous agents or of metabolic, genetic, or otlicr 
oUcrations Tins studj is not, stncllj speaking cjtologj for 
^\luch reason mc shall consider here onlj tliosc modifications 
\%hidi diaractcruc senescence and death ^^hcn Uicsc processes 
occur normaUj ^^^Ulout tlie addition of cxlroncfous factors or 
perturbations 

In itudjing tliese problems in cells and tissues ue must not 
confuse llicm \Mtli tliosc of tlie scniluj and dcatli of tlie entire 
organism, oltliough Uiesc arc inUmotch luikcd to them Indeed* 
even in Uic embryo Uicro ore cdls vvluch ore continunlh under 
going a senescent process and djnng and tlie entire indmduol 
IS cm eloped bj dead cells (extemol Injcn of the epidermis) wlndi 
*onc for protection. But on tlie other liantL, tlie dcatli of the m 
dividual docs not implj tlie immediate cessation of the vntol 
phenomena in all of its cells TIius it is knoNMi thol tlio cells of 
tile traclica and of tlie hronclii continue their cihnr\ iiio\cmcnl 
for a long time after tlic heart lios ccatcil to licnl and that tlie 
IcucDcjnes continue their ameboid activilj In lilioralorv nnimnU 
"hicli have been sncnficcd it has been found that certain colls 
survive os long as 120 hours after dentil (I>c\ms and McCoj) 
nirtlicrmorc manj cells tmnsplantc<l at the tune of the dntli of 
die inilnidual can continue to live in other individuals ns liosts 
or m tissue cultures Nevertheless, it is evident thnl tlie dcatli of 
relU of vital importance to tlic orpamsm such ns Uioso of tlic 
ucnous tissue finallv enuses the death nf nil tlic remaining cells 

Tile studj of senescence in vanous cells and tissues (lemon 
itrates Oinl Uiosc elements which rclnm tlic capacitj of dmding 
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continuously do not grow old Division and grovrth of calls ap- 
parently involve a physicochemical renovation of the cell and 
prevent the phenomena of senescence This is truo in the um 
cellular organisms, which generally reproduce in a continuous 
form and tlierofore arc potentially immortal Tlic same thing 
happens with certam cells cultivated m vitro The famous culture, 
begun by Carrel, of cells from a fragment of chicken heart con 
tmues to grow after thirty-six years! Its cells need only the 
renewal of the nutritive fluids (see Chapter III) to contmue to 
hve an apparently endless existence. On the other hand, very vroll 
differentiated cells, such as those of the nervous tissue, generally 
lose the capaaty to reproduce (and therefore the capaaty to 
be cultivated m vitro) and are condemned ultimately to senescence 
and death. 

Cowdry has classified cells into four groups on tlio basis of 
their degree of differentiation and obihty to divide. The first 
group, vegetative intermitotic cells comprises those imdiffer 
entiated cells which have the capaaty to multiply contmually, 
to give ongm to other cells of the same group or to elements 
which undergo a later differentiation and proc^ to form part 
of the second group Typical examples arc the basal cells of the 
epidermis, tlie division of which gives ongm to other similar 
cells or to cells which differentiate to form the elements of the 
other more superCaal layers, the spormatogoma of the testis, 
which, by division, give nse to other spermatogoma or to cells 
furtlier advanced in the gemunal senes (spermatocytes, sper 
matids), the hemocytoblasts of the bono marrow and so on. In 
all these cases cell life passes without differentiation between two 
successive mitoses In these cells the changes vnth age are very 
limited or oven absent, because of the fact that tho mdividual 
life IS very short and is not accompanied by any structural differ 
entiation, nor by any diminution of vitality 

In the second group, or differentiated intermitotic cells tho 
cell between two mitoses is undergomg a progressive differ 
entiation which gen era lly terminates by its transformation into 
an element of the thir d or fourth typo. In the case of tho testis, 
bet>vccn the spermatogonia (vegetative mtcnmtotic cell) and 
the spermatozoon (fixed postmitotic cell) there is a senes of 
generations of differentiated mtcmutotic coUs mcludmg tlie 
spermatocytes and spermatids. In the same way m tho bono 
marrow there is a senes of intermitotic generations which are 
progressively differentiating to oinstituto the terminal elements, 
erythrocytes and leucocytes 

Among these cells, as in the former group, the individual 
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life continues between two mitoses, and, although differentiation 
progresses in tlmm continuous!} the changes due to age arc small 
or lacking 

The two last groups comprise differentiated, terminal, or post 
mitotic cells, tliat is, elements which generallj die ^^'ltllOut further 
division- AMthm this category two different degrees rao} bo 
disungiushod nnersible postmitotic cells and fixed postmitotic 
cells 

The reversible postmitotic cells are those such as tlie hepatic, 
renal and tliyroid, wluch do not normallj di\nde, but whicli, 
m cases of extraordmary ncccssi^ for example, after tlie ex 
tirpation of a large part of tlie oi^n, will do so Among tlicso 
cells, tlicro may be observed \'anous mamfoslations of senilit} 

Tlie fixed postmitotic cells rcacli tlie liighcst degree of 
spcaalization and undergo senescence and die witliout bemg able 
to diindc anew Sudi is tlic case wtli tlie nerve cells, llie rod 
and cone cells of tlie rcUno tlie crylhrccjncs, and so fortlu Among 
these ccUs, some (crjlhrocj'tcs, leucocytes, and so on) liavc a 
relatu'cl} short bfe and, for tlus reason, tJicrc are differentiated 
mtcrmitotic colls wluch arc continually replaong tlicm On tlie 
contrary others (nerve cells and the like) liave a vciy long life 
and, for tlus reason, very carlj lose tlie capacity to reproduce (at 
the end of the first jear m tlie ease of human nerve colls) It is 
m such cells that the changes due to ago arc roost cmdont 

^^’hcn a cell imdcrgocs senescence, o senes of modifications is 
produced m it which have been grouped under tlie common term 
cjiomorphosis (Minot) One of tlie most cliamctcnstic cliangcs of 
^ilit) is the accumulation of the pigment of cxliauslion 
(sometimes also called wear and tear pigment or abnulnmgs 
pigment) whicli is observed particularly in tlie nerve cell and iii 
the myocardial tissue and m lesser degree m the cells of tlie liver 
kidnc} testis, ovary tli^Toid, and so on (Oiaptcr XI) Rcccntlv 
the value of pigmentation os o constant sign of tlie aging of 
nerve cells has been a subject of discuwion. It is believed, m 
pnicral, that tlie accumulation of pigment m senile cells is due 
to the progressive diffiaillj v\liich liie cells liavo in excreting 
poorlv soluble pitKlucts and tlial tins functional alteration is an 
important factor m cvtomorpliosis Other common cjTolopcal 
changes ore Uic accumulation of small droplets of fat, tlie 
oiminulion of the diromidinl substance (m tlie nerve cells) and 
th<‘ dimtmiUon of coll volume (livpotrophj ) Tins lost cliange 
considenblc m slnntc<l muscle fillers, but it is difllcult m 
tnis ease to decide whclJicr it is due cxclusivelj to v'ne<ccncc or 
dm to the lock of ncliv ity 
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Tissue culture techniques permit the study of cytomo^hosis 
i very favorahle way because aging processes and death may 




M2 






.X 


Fjfl 142 life CTcJo of myeloplax (poljlMrTtx^TTo) fa ■ 

Ahoi>e joung call Cmifr- adult call. B4lote aamle pta*^ retractei 

tbtir irtaBuUr outUxMa ara wan Tlje crtoplMm hms become darkcied *«l 
(Coarte*y of D. finchattO'Erun ) 

occur m the course of a guigle cultivation. Cultui^ celli, lile 
the whole organism, pass through a senes of stages hut at a 
faster rate T^e stages might be listed as follows (1) increase 
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moss, (2) dilTcrentiation and orgamzaUon, (3) eqxulibniim, (4) 
scniljt} and (5) death and dissolution. Aging starts bj a 
remission of growth and adjustment to a mmimiun actiinti tlic 
formation of intercellular substance, increase in tlic dcatli quota 
of the cells, reduction in residual growtli cnergj and fmall^ b\ 
morphological cell diongcs (Fisher) Tlicsc clinngcs arc first 
seen at the penpher} of the culture and arc gencrall} diar 
actenxed bj the \TicuolizaUon and infiltration of tlic cj'toplosm 
\nlh fat and are followed b} cell disintcgnitiorL 

From tlic point of new of tlic duration of life and of tlic 
rapiditj ivitli which C3*tomorphosis ocoirs, tlie cells and tissues 
ha\c been divided into labile and stable or perennial catcgoncs 
(Bizzozcro) In tlio labile tissues tlic cell renovation is rapid and 
their elements arc continuallj undergoing senescence dcatli 
and replacement. The stable tissues, sudi as muscular and nervous 
tissues, arc not gencrallj renewed and their c}*tomorphosis, vvhidi 
IS vci^ gradual, presents tlic changes described abov c. 

In the labile tissues tlic regressive steps are accelerated and 
follow various patlis Tlius, in simple cpiUieho the protoplasm 
becomes less voscous and is liquefied whereas, m stratified 
epithclia there is an increase in vTScosilj end gelation In tlic cells 
of the sebaceous glands an infiltration and fatly degeneration 
talcs place m tlic cj^oplasm and cver^ cell dismtcgrates and l 
converted mto sebaceous matter 

In cj-tomorphosis tlic nucleus often sinms more mtonselj and 
>s shrunken iimultancouslj its structural dclails arc progrcssivelj 
lost. Tins process wliidi is called nuclear p) Knosis (Gr P) knos 
dense) leads to tlic dcatli of the cell (Fig 142) 

The senescence of tlio cell has boon studied wiUi great dctaiL, 
particulorlj in tlic nerve cells In normal senility Uicsc elements 
sliow constantlv a retraction of Uic cell bnimdarics, a clinngc m 
tlic nucleus, consisting in tlic loss of tronsparoncj of the nuclear 
a notable dimmution of tlio cliromidiol substance of Nissl 
(l^g 143) and o fragmentation of Uic Golgi apjiaralus (golgior 
riicxis) Furtlicrmorc, m some species a tendency is seen for tlic 
nucleus to dmde bj amitotic division (for example, division of 
tbe* nucleolus, lobulation of tlic nucleus and even n tnicdivivinn) 
l^ndrcw) Tlic process of <cncscencc of the epidermal colls Ins 
studietl rcccnUj vvilli numerous Instological and evto 
tliemical teclmiqucs Tlic changes ni tlio vnscosiij of the cell 
liQv c been studic<l also bv means of uhmccntnfugnlion 

(Covvdrv ) 

hreent studies tend to show that llic luslnlnpcal and evto 
fipical picture of old age in the individual organs is not Uir result 
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of “simple processes of degeneration and atrophy The changci 
occumng seem to be relatively complex and to depend, not only on 
atrophy of cells, but on mtcractions among tlie different coll types 
under the conditions of senescence of tlie organism. 

Thus, m the nervous system, while the nerve cells show a 
senes of degenerative changes and many of them actually die 
and disappear, some of tlie neuroghol cells (particularly the 
satellite ohgodendroglia and microgha) actually increase in num 



Fig 143 L^t Largs motor cell from Uw ^entrol bora of tl» »pbul cord of 
t young mm»e The Nml m*len*l i* etnuiduiL The nudeolu* itain* deeply fUghl 
Large motor cell from the central born of • itnilt mouia. The Nntl matenal ii 
•canty The nocleoluf b lightly ctained. A rather coane raoiolatloo of the pal* 
cytoplann U apparent (Coarteay of W Andrew) 

bers and appear to participate in tho removal of dead nerve cells. 
Furthermore, a marked proliferation of the rolotivcly undiffcr 
cntiated cells of tlie mtralobulor ducts has been seen in tlio 
pancreas Tins process leads to the formation of numerous cyst 
like spaces by the multiplying duct ceH? (Andrew) 

While fibrosis is a conspicuous feature of senility m some 
organs, os in tlie thyroid gland, it is almost nonexistent in others, 
as m tlio hver In tlie latter organ ginnt nuclei and mtnmucloor 
mclusions aro often soon 

Tho varied and compheated senile changes occurring in tho 
different organs make necessary a detailed histological and 
cytological study of the process in each type of tissue. 
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Theones of Cell Senescence 

■\^c are as }et ver} far from knowing the causes whidi deter 
mine tlie aging of the cell Various theories have been elaborated 
^hicli, in general, deal onlj witli partial aspects of the problem 
Some of tlicse stress the role of endogenous factors bv which we 
mean the progressi\'e and irre\ersiblc alterations of the proto- 
plasm Others give greater importance to exogenous factors or 
modifications of the surrounding medium Fmall} a tliird group 
affirms that tlie cell has in itself the factors wluch limit tlie 
duration of its life 

Among the tlieones of tlie first group we mat mention tliat 
uluch suggests tliat senescence is due to an alteration of tlie 
colloidal state of tlie protoplasm (Ruricka and collaborators) 
In Chapter If it was said tliat many colloidal solutions imdcrgo 
a phenomenon of s^Tiercsis due to die action of lime or of other 
factors Accordmg to this tlicor^ similar phenomena would be 
produced m tlie protoplasmic colloid which load to a dimmution 
m Uic degree of dispersion wiili loss of water and of clcctncal 
charge. Tins process as a whole is called protoplasmic hysteresis 
Other conspicuous colloidal modifications which take place par 
ticularly during embryonic dctclopmcnl arc the mcroase of 
protein substances which, like kcratm and plastin, arc resistant 
to digestion and dissolution b\ cnrjTncs, the docrcosc in water 
content, and increase in consistcncj of Uic cclL 

The process of cormfication, whicli occurs m certain stroUfied 
cpilliclia, can be considered os a rapid phenomenon of cr\*to- 
morphosis Tins starts at the basal cells wliidi dmdc b\ mitosis 
and continues toward the surface where cormfication and dcatli 
ensue Simultaneous!} tlic protein content of tlic cells incrcn«M?5 
and Uic isoclcctnc point of tlic proteins is displaced from tlic acid 
side toward the neutral point (Zcigcr) 

Other auUiors give considerable importance to the occumnln 
tion of residues ond particular!} of the pigments of exhaustion 
"hich were mentioned nbo\c Tins accumulation, along wiUi 
condensation of colloids and diminution of cell pcrmcnbihlx 
^>clil disturb the total mctaliolism of tlic cell IIowc\rr one max 
cai'o tlic question xxlicUicr tlie ncciuniilnlion of pigment is the 
cauM} of senescence or simpl} one of its manifestations 

Tlic medium in which the cell lixcs also seems to Inxe con 
l^'nerablc importance, ond clmnges in its composition max in 
uence the dexclopmcnt and senescence of tlic cells In speaking 
" the cnx imnment of Uic cell (internal nietliiim) xxe dti not refer 
a the cirailating blood Tins is clinrnctcn7e<l bx tlie presence of 
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multiple regulatory raecliaiiisinj which mamtam constant its 
temperature, sugar content, aad base equilibrium and so forth 
(homeostasis of Cannon) The great majority of the coUs arc not 
bathed directly by the blood but by the mtorsUtial fluids, the com 
position and properties of which not only are distmct from those 
of the circulatmg medium but variable in each particular tissue.* 

With aging, the regulatory mechanisms which mamtam the 
uniformity of the blood ore disturbed. At the same tune, the 
various tissue fluids arc altered, and the changes may not be the 
same in every case (Cowdry) Thus the senescence of the cells 
is accompanied by a senescence of the inlcmal medium, and these 
two processes not only appear to be correlated but also mtor 
dependent 

In cells cultured m vitro, senility of cells is primarily due to 
external factors such os accumulation of metabolic products or 
lock of foodstuffs When tliosc causes are removed by transfer or 
cliango of the medium, rejuvenation of the cells occurs How 
over m the plasma of senile mdividuols there arc other factors 
that maj affect the life history of cultured colls 

The studies of Carrel and collaborators have shown that the 
blood plasma not only contains growth promoting substances 
which stimulate tlic growth of a tissue culture, but also contains 
inhibitory substances These latter increase with tlio ago of the 
ammal and reach a maximum concentration m old age. These 
inhibitory substxmccs could bo considered ns the cause of cell 
senescence However it must not bo forgotten tliat tissue fluids 
arc produced by tlio cells so that these inhibitory substances may 
bo tlio consequence and not the cause of senescence. Although this 
problem has not been completely resolved, it is evident that 
the internal media contain at least one of the factors which limits 
cell proliferation (See Fisher ) 

A third group of authors attempts to cxplam senescence on the 
basis of factors which he in the cell itself and detemamo irre- 
versible vital cycles Accordmg to this vicrvv, certam cells of the 
organism not only have a fixed dctcrmmation of their dcstmy 
and specific functional and raorpliological differentiation but also 
have a predetermined limit to thoir life potentiality By the study 
of tissue cultures it has been possible to demonstrate that various 
tissues, altliough cultivated imdcr the most favorable kno>vn 
conditions, do not survive more than a certam period of time (two 
months m the case of cultures of kidney eighteen montlis m that 

In retlhr the opUn mjn internal medinm TaHn for each type of celL Thui 
the tietoe culturej hare demoostrated that the macrophagM nroluply actirely in 
plasna, irtfla GhrobUrti and epHhelUl cell* do to with contUerable difCcnlty 
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of epithelium of the ins, a few s\ccl^ for tlie pancreas, and so on) 
In these eases llic ^^tal capaatj of tlic cells in such a medium 
seems to be stnctlj limited. All these s'anous trpes of tissues are 
found m the organism, including tliosc uIucIl 'vhen grouTi in 
favorable culture media, dmde contmuallv and do not age and 
those \%hich can be adtivated onlj for a short time or which do 
not usually reproduce (nervous tissue) The causes whicli limit tlio 
life of the cells arc unknowm but the} seem intimatclj related 
to the differentiation and funcdonol specificiU of the cells, and 
possiblj to hereditary factors (lethal genes) It seems possible that 
the hfe span of different tj'pcs of cells might be determmed in 
part by heredity 

As we said at the bcginmng it is too carlj to make general 
mlcrprclation of the causes of cell senescence since tlicrc is lack 
mg a detafled anal}3is of the process in the ^•n^ous tissues It is 
possible that, besides the internal conditions winch limit tlic 
duration of tlic life of tlic cell, humoral factors ma\ plaj a role 
and tliat tlic overload of residues and tlic protoplasmic hysteresis 
may accelerate the process of senescence (Rics) 

Cell Death 

The senescence of Uic cell leads fmaiU to catabiosis (Gr 
Ac/o, dovm Sios life) and to dcatli Here also llic liisto 
pathological literature is copious and, in contrast, prease dcfini 
lions and a clear kno\%ledgc of the purcU c>*toph^slologlcnl 
altemlions arc locking In dealing unth tlic dcolli of tlic cell it is nt 
times difilmlt to separate the stncllj ph\siological from llic 
pathological processes 

Cell dcatli is generally defined os Uic irrm crsiblc cc^^ation of 
llic \ntnl phenomena rsc\‘crtliele55 the determination of the in 
*lant at nhich a cell ceases to live is nt times \ or\ difHcuU F xccpl 
"hen dcatli is produced ropidU bj agents uhicli rau<;e a spec^ls 
f^guloiion or precipitation of Uic protoplasm (os in tiic ca<o 
of fixation, or of doaUi bx licit, or b\ xanoiis toxic aconts) the 
cessation of the cellular processes ocairs in n gradual \s-a\ A cell 
l^v undergo an irreparable injun and no\crUiclc<s, some of 
functions max persist for a certain IcngUi of time If a tissue 
is ground imtil all of the cell iKiundanes arc ilf^tmx e<l 
torci) several of Uio mctnlKilic plicnomcno such ns Uie con 
^niption of oxxgen, fermentation and glucnhsK max porsi't 
ercrtliclc^^ Uicsc phenomena are studio<l in relation to 

ime appreciable differences arc noticed In the hm the mniontx 
Metabolic processes decrease xmUi relatne mpiditx and <li< 
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appear while in the intact cell these are maintained at the same 
level for as long as cell vitality is conserved (See Chapter X.) 

Cytologically, a retraction of the cytoplasm or a ^aractonstic 
alteration of the nucleus may often be noted, but these changes 
are found only when the process is very far advanced 

In some colls the lack of reproduction, growth, or movement 
may be important entena of death However, they do not have 
a general v^ue because in many colls and tissues these processes 
are not observed even m the living state. Variations m the onda 
tion reduction potential or pH also have no value, although in 
dymg cells there is generally an aadosis With the ultranucro- 
scopo it IS often possible to see tho appearance of brownian move- 
raont However, this phenomenon may bo apparent m hvmg cells 
Dead colls seem to absorb ultraviolet hght more mtensely 

A cytological entenon of cell death which is usually con 
sidercd reliable is the diffuse stammg of the cytoplasm and of the 
nucleus by vital dyes (neutral red, methylene blue, and so fortli) 
While in a hvmg cell these stains are accumulated in circura 
senbod granules or vacuoles m tho cytoplasm after death tho 
cytoplasm and the nucleus stam intcn^y and in a diffuse 
manner 

The following entena have been considered as identifying 
cell death bj means of supravital stammg witli neutral red (1) 
loss of color from tlio granules and vacuoles, (2) diffuse pmk 
stammg of the cytoplasm and nucleus, (3) the appearance of a 
sharp and distinct nuclear mcitibrano and a cliango in tlio tox 
ture of tlic cytoplasm and nucleus (Ixrwis and McCoy) 

In cultured cells the following changes aro ordmanly con 
sidercd as signs of death (1) Retraction of pscudopods and round 
mg up of the cell, (2) coogulotion and shriveling of tho nucleus, 
(3) dissolution of tlio chondnosomes and (4) diffuse vital stain 
ing of tlio cytoplasm and nucleus (Lcvi) 

Postmortem Modification of the Coll 

Wlion death of tlio cell occurs m a rapid manner and all 
cruyme activity ceases at tho same time (fixation, death by heal, 
and so on) the cell structure docs not imdcrgo postmortem altcm 
hons. Such a happening is, however exceptional and, m general, 
postmortem phenomena of an autolytic character do occur 
after death. 

In the study of tlie modifications which occur durmg tlio 
death of tho cell we must distinguish those wluch precede and 
lead to such a death from tlioso which occur postmortem Tlio 
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former are grouped gcncrallj under Uic name necrobiosis (Gr 
i\ckros dcaUi Bios life) \%hcndcatli is slow and gradual 

Some of tlie nccrobiotac cliangcs were described along wntli 
Uic discussion of senescence of tlie cell It was said at tliat time 


tliat tlicsc \ar 5 from one tj^ie of cell to anotlicr In certam cases 
the viscosit} of the C3’toplasra is diminishcdl, as cndcnced b\ the 
appearance of brownian movement (sol) Fmally liquefaction 
occurs {necrobiosis by liqucfactioti) In otlicrs tlie viscosity is 
mcrcQsed and tlie protoplasm gels (gelation) or is coagulated 
{necrobiosis by coagulation) 

In many cells, death is preceded b> a shorter or longer penod 
diaractcnzed b} an alteration of tlie normal metabolism and b\ 
dcgcncraU\c changes of fattj waxj hydropic, pigmentary or 
other types of degeneration Since tliesc processes ore more fre- 
qucntlj due to external factors (toxic, mfccUous and tlie hkc) 
their study m detail belongs to the realm of general patliologx 

Tlie postmortem modifications gcncralh result from tlie 
actmty of mtraccUular enzymes which begin tlieir acUon after 
death- These enzymes arc of a hx'droh’tic nature and attack and 
brook down the large molecules of tJic cell particulorh protein 
molecules (protooh*sis) At tlie same time tlie lack of ox\gcn 
fa\ors anaerobic fermentation and tlie formation of venous aads, 
especially of lactic acid Tlie accumiJalion of small molecules and 


ions resulting from autolysis mcreascs tlie osmotic pressure and 
causes the entrance of wulcr wiUi resulting sx\ollmg of tlie cell 
It IS generally admitted Uiat one of tlie phenomena which 
follow dcatli 15 the irrcicrsiblc coagulation of tlie protoplasm 
may persist for a long lime, but commonh it is followed 
by the digestion and liquefaction of tlie cell 

rrcqucntly liquefaction is preceded by tlie swxllmg of tlie 
cell and by tlie appearance of protein granules m tlie midst of 
me c\ioplosm, wliicli gi\c to it o turbid and cliaractcnstically 
nusty aspect {cloudy sivcllmg) Tins process may ocair also m 
wing cells wliicli ha\c been altered b\ the innucncc of toxins, 
inicclious diseases, and so on In tins ca^c we arc dealing witli 
a dcgcncrali\c cliangc whicli may be rcicrsiblc 

The cloud\ 5^^clllng of Uic cell is prcccdctl by tlie nccumula 
Qcids m tlie protoplasm ond b\ tlie lowcnng of llic pll 
Ucidosu) Tins accumulation of ions incm'es the imbilnlion of 


"atcr and at tlie same time brings oIkiuI prccipililion of Uic 
P^lems of Uie cyToplasmic matrix in the fonn of fine granules 
also common to find tlie appearance of nunuto drojilots of faL 
' iicli arc produced b\ Uic dissociation of tlic lipoprotein com 
{lipophanerosis) 
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The cloudy swelling may be re\’ersed when it is due to de- 
generation. TA’hen the alteration is of a postmortem character, it 
IS generally followed by a progressive imbibition of water and 
finally by dismtegration and dissolution of the celL 

Qoudy swelling should not be confused with a similar ap- 
pearance of the cytoplasm which may be produced by the altera 
bon of the chondnome, "U e know (Chapter that this organoid 
IS one of the most sensitive parts of the cell and that after death 
rt rapidly fragments into granules which undergo sivelling In 
this case the granular appearance of the cytoplasm is brougjrt 
about by the change in the chondnome. In cloudy swelling the 
granules result from the separation of the phases and the preapita 
bon of the proteins of the ground cytoplasm. 

In postmortem alterabons the behavior of the rmcleus differs 
from that of the cytoplasm. In general, its structure and stain 
abiljt\ resist the autoUiic phenomena for a longer time and, in 
many cases, the stamability may even mcrease, possibly because 
of the separabon of the nucleic aad from the protem which results 
m the liberabon of aadic groups (see Chapter \TI) This process 
called prhnosis is generally accompanied by a shnniage of the 
nucleus and the di^ppearance of its structural details (perhaps 
due to the dissolubon of the nucleic aad mto the nuclear sap) 
Isucleases come mto action later and brcai denvn the nucloc 
aad molecules The rmcleus then loses its stamability and dis- 
solves {karyohsis) either with or without previous nuclaar 
fragmentabon Quxryorrhexis) 
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